Proper regulation of ribosome biosynthesis is mandatory for cellular adaptation, growth and proliferation. Ribosome biogenesis is the most energetically demanding cellular process, which requires tight control. Abnormalities in ribosome production have severe consequences, including developmental defects in plants and genetic diseases (ribosomopathies) in humans. One of the processes occurring during eukaryotic ribosome biogenesis is processing of the ribosomal RNA precursor molecule (pre-rRNA), synthesized by RNA polymerase I, into mature rRNAs. It must not only be accurate but must also be precisely coordinated with other phenomena leading to the synthesis of functional ribosomes: RNA modification, RNA folding, assembly with ribosomal proteins and nucleocytoplasmic RNP export. A multitude of ribosome biogenesis factors ensure that these events take place in a correct temporal order. Among them are endo-and exoribonucleases involved in pre-rRNA processing. Here, we thoroughly present a wide spectrum of ribonucleases participating in rRNA maturation, focusing on their biochemical properties, regulatory mechanisms and substrate specificity. We also discuss cooperation between various ribonucleolytic activities in particular stages of pre-rRNA processing, delineating major similarities and differences between three representative groups of eukaryotes: yeast, plants and humans.
components into mature ribosomes. Only the proper coupling of all these steps leads to an accurate and efficient formation of mature ribosomes.
The mature eukaryotic ribosome (80S) is formed by the small 40S (SSU) and large 60S (LSU) subunits, composed of more than 30 and almost 50 proteins respectively. The centre of each subunit consists of rRNAs: 18S for SSU, and 25S/28S, 5S and 5.8S for the LSU [1] . Although three of the four rRNAs -18S, 5.8S and 25S/28S -are cotranscribed by RNA polymerase I (Pol I) as a single long precursor from one polycistronic rDNA transcription unit [2] , formation of mature ribosomes requires coordinated activities of all three RNA polymerases. Pol III is responsible for the synthesis of the fourth rRNA, 5S rRNA, from a separate gene [3] , while RPs and factors engaged in rRNA processing and ribosome assembly are produced by Pol II, which also synthesizes the majority of small nucleolar RNAs (snoRNAs), required for pre-rRNA processing and modifications. In total, the multitude of factors involved in ribosome biosynthesis comprises around 75 snoRNAs as well as more than 200 proteins in yeast Saccharomyces cerevisiae, and the ribosome biogenesis apparatus in higher eukaryotes is even more complex [1, 4, 5] .
The intriguing question is how so many factors performing different tasks cooperate together to produce mature ribosomes? To some extent, this is probably achieved by a close temporal and spatial coordination of these diverse processes, as the majority of ribosome biosynthesis events, including rRNA transcription, early pre-RNA processing steps and initiation of the ribosome assembly occur in the nucleolus. This concerted action is possible only owing to the constant flux of proteins and snoRNPs from the cytoplasm and the nucleoplasm, respectively, to the nucleolus. The importance of such a striking coordination is further underscored by the fact that, at least in yeast, prerRNA processing occurs cotranscriptionally [6] .
There are several mechanisms that impact the rate of ribosome biosynthesis in response to extra-and intracellular stimuli, for example, signalling pathways that involve mammalian target of rapamycin (mTOR) and proto-oncogenes p53 and c-MYC. Activity of these factors may either stimulate or suppress Pol Imediated rDNA transcription, as well as affect ribosome biogenesis at the post-transcriptional level in response to changing environmental conditions orlike in the case of proto-oncogenes -increase production of ribosomes in fast-growing and proliferating cancer cells [7] [8] [9] [10] [11] .These observations add an additional layer of complexity to the regulatory networks of ribosome biogenesis. Moreover, defects in ribosome assembly and composition have recently emerged as an important cause of several disorders, which, despite highly variable clinical manifestations, were classified together as one group of diseases, named ribosomopathies [9] . Mutations in genes encoding rRNA processing factors are often lethal, because ribosome biogenesis itself is an essential cellular process. Some RBFs (e.g. Nob1, Rcl1 or Utp24) act only on prerRNAs as their physiological substrates [12] [13] [14] [15] [16] , whereas others might be also involved in other RNA metabolic pathways (e.g. exosome complex is targeting virtually all RNA classes).
Interestingly, for many years the yeast model of ribosome biogenesis was regarded as universal among eukaryotes. However, recent studies revealed that there are substantial differences between rRNA processing pathways in yeast and higher eukaryotes. It appears, for example, that exoribonucleases play a more pronounced role in ribosome biogenesis in plants and human cells than in yeast [17] [18] [19] . Moreover, the roles of some rRNA processing enzymes are not so well evolutionary conserved among higher eukaryotes, and functions of some yeast nucleases have been replaced in plants and humans by other, unrelated enzymes. These aspects make ribosome biosynthesis pathways in different species even more complicated.
Although several excellent reviews concerning ribosome biosynthesis have appeared in recent years [4, [20] [21] [22] , they do not provide detailed information focused on nucleases engaged in rRNA maturation. Here, we highlight the role of enzymes involved in exo-and endoribonucleolytic processing steps, by-product removal and quality control. This review also comprehensively compares, for the first time, rRNA processing pathways and mechanisms in model organisms from three eukaryotic kingdoms, fungus S. cerevisiae, plant Arabidopsis thaliana and animals, with focus on Homo sapiens.
A general discussion on pre-rRNA processing pathways in yeast, plants and human cells Although rRNAs are the most universal noncoding RNAs in eukaryotes, many aspects of rRNA biogenesis differ between taxa. However, the general scheme is common: the large polycistronic pre-rRNA precursor, a transcript of Pol I, containing 18S, 5.8S and 25/28S rRNA, originates from multiple rDNA tandem repeats. The primary precursor contains external transcribed spacers (5 0 -and 3 0 -ETS) at both ends and internal transcribed spacers (ITS1 and ITS2) that separate mature rRNA sequences (Fig. 1) . The pre-rRNA is systematically processed by endo-and exonucleolytic digestions that eliminate spacer sequences. 5 0 -and 3 0 -ETS are removed, cleavages within ITS1 separate rRNAs destined to the small and large ribosome subunit, and cleavage in ITS2 releases precursors of 5.8S and 25S/28S rRNAs (Fig. 1) . Subsequent exonucleolytic digestion completes the work by a formation of mature rRNA ends, unless they are formed solely by an action of endonuclease, and removes excised spacer fragments.
Not only the timing and order of processing events but also the enzymes involved in particular actions during rRNA maturation vary between taxonomic groups (Fig. 1) . In yeast, the processing pathway begins with a release of the pre-rRNA by cleavage in the 3 0 -ETS, which occurs cotranscriptionally and is performed by Rnt1 endonuclease [23] (Fig. 1) . The mature 25S 3 0 -end is formed later, after separation of ribosomal subunits, by the 3 0 -5 0 exonuclease Rex1 [24, 25] (Fig. 1) . On the contrary, 3
0 -ETS processing in higher eukaryotes most probably follows, or occurs simultaneously with the initial processing at 5 0 -ETS, however, it was not fully determined whether it occurs co-or post-transcriptionally and enzymes involved in this step have not been identified.
According to the best-defined yeast pre-rRNA processing pathway, a large rRNA precursor is then processed at three sites -A 0 , A 1 and A 2 -that need to be cleaved to release 20S precursor of 18S rRNA. Interestingly, cleavages A 0 and A 1 within 5 0 -ETS, and A 2 in ITS1 in the majority of yeast pre-rRNAs also occur cotranscriptionally [6] , whereas there is little evidence for a cotranscriptional maturation of 18S rRNA in higher eukaryotes, except for one report indicating that the cleavage at the primary site 01(A 0 ), not present in yeast (see below), may be the cotranscriptional event [26] . Moreover, yeast mature 18S rRNA is produced exclusively by endonucleases by cleavages at site A 1 and at site D by Nob1, following cleavage at A 2 , while maturation of plant and animal 18S rRNA requires a joined action of endo-and exonucleolytic activities [5, 12, [17] [18] [19] [27] [28] [29] (Fig. 1) . Additional significant difference in the initial stages of pre-rRNA processing between yeast and higher eukaryotes is the presence of the primary processing site within 5 0 -ETS, site 01(A 0 ) in animals and P in plants, that most probably enhances further processing of the precursor, but is not a prerequisite for proper production of functional rRNAs [30] [31] [32] (Fig. 1) . Moreover, in contrast to yeast, processing of 5 0 -ETS in plants and animals can precede cleavage of ITS1, or ITS1 processing can occur first (Fig. 1) , which represents an alternative rRNA biogenesis pathway.
Processing of the ITS1 involves two endonucleolytic cleavages in all tested species: A 2 and A 3 in yeast and plants, and corresponding sites E(2a) and 2 in humans [30, [33] [34] [35] (Fig. 1) . Cleavages in ITS1 result in the separation of pre-rRNAs destined to 40S and 60S ribosome subunits. However, in yeast, cleavage at site A 2 is responsible for splitting of preribosome particles, since it precedes cleavage at site A 3 to generate precursors that undergo further proper processing, in plants and animals both ITS1 cleavage sites can be utilized in either order, although the majority of pre-rRNAs is initially processed at sites A 3 /2 [17] [18] [19] 30, 36] (Fig. 1) . Curiously, cleavage at site A 3 in yeast might precede 5 0 -ETS processing and cleavage at site A 2 , resulting in the production of 23S pre-rRNA that is usually removed by a nucleolar surveillance machinery [36] [37] [38] . Sites A 3 in yeast and site 2 in humans are cleaved by RNase MRP (RMRP), while the role of RMRP in ITS1 processing in plants is not well documented [34, 39, 40] (Fig. 1) .
In turn, maturation of 60S ribosome subunit rRNAs appears strikingly conserved. Cleavage of the ITS2, at site C 2 in yeast and plants, and at site 4 in humans occurs after separation of 40S and 60S pre-rRNAs, and after processing of the 5.8S 5 0 -end and 25S/28S 3 0 -end. Cleavage at site C 2 /4 in yeast and human cells depends on the endoribonucleolytic activity of Las1 [41] [42] [43] (Fig. 1) . The plant enzyme responsible for ITS2 cleavage remains to be identified.
The large ribosome subunit in all tested species contains the long and short form of 5.8S rRNA, 5.8S L and 5.8S S , which result from distinct maturation of its 5 0 -end ( Fig. 1 ). Yeast 5.8S S rRNA is produced by two 5 0 -3 0 exoribonucleases: Rat1 and Rrp17, whereas the inactivation of Rat1 counterparts in both plant and human cells does not strongly affect the ratio of 5.8S L to 5.8S S . Nonetheless, the downstream product of cleavage at site A3/2 in plants and human cells is processed by the nuclear XRN proteins [17, 18, 30, 41, [44] [45] [46] [47] . Interestingly, human homologue of Rrp17, NOL12, was not shown to be directly involved in maturation of 5.8S 5 0 -end [18] . Endonucleolytic cleavage in ITS2 generates 7S and 26S pre-rRNAs in yeast or 12S and 28.5S pre-rRNAs in mammals. 12S is the longest stable 3 0 -extended 5.8S precursor in mammalian cells; a shorter, 7S pre-rRNA is also detected, but it was proposed to result from a second endonucleolytic cleavage at site 4a, or derive from the activity of the exosome complex and/or the nucleolar exonuclease ISG20L2 [5,17,48-52] (Fig. 1) . 7S pre-rRNA in both yeast and mammals is gradually trimmed from the 3 0 -end in multiple stages by a set of 3 0 -5 0 exoribonucleases. At first, the exosome, assisted 
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Enzymes involved in pre-rRNA processing in various eukaryotes
Endonucleases
RNase III enzymes
Bacterial RNase III is a double-strand-specific endoribonuclease that liberates 23S and 16S rRNAs from the primary transcript through cleavages within duplex structures formed by pairing of the termini of mature rRNAs [66, 67] . RNase III is a founding member of a family of related enzymes, also present in the eukaryotic cells. Characteristic to the members of this family is an RNase III signature motif, encompassing 9-11 highly evolutionary conserved amino acids, which coordinate divalent metal ion, serving as a cofactor of enzymatic activity. Substitutions of residues within this motif resulted in the complete loss of bacterial RNase III enzymatic activity [68] .
RNase III-like enzymes were subdivided into several classes, based on the domain composition (reviewed in ref.
[69]): (a) bacterial and bacteriophage RNase III, containing only catalytic domain (CD) and doublestranded RNA-binding domain (dsRBD); (b) budding yeast Rnt1 and related proteins from other fungal species, having an N-terminal extension in addition to CD and dsRBD; (c) eukaryotic Drosha proteins, composed of two RNase III CDs and one dsRBD; (d) Dicer enzymes, characterized by the presence of additional domains, such as an N-terminal DExD/H-box helicase, DUF283 and PAZ; (e) Mini-III, exemplified by Bacillus subtilis enzyme, which contains exclusively CD, while lacks a typical dsRBD. Importantly, a common feature of all RNase III-like enzymes is a dimerization of the CDs, explaining the potential of these endoribonucleases to process double-stranded substrates, as each ribonuclease domain in the dimer cleaves one strand in the RNA duplex. Bacterial RNase III and yeast Rnt1 function as homodimers of two identical subunits [68, 70] . In turn, two CDs present in Drosha and Dicer enzymes form an intramolecular dimer [71] . In either case, combination of two ribonuclease domains results in a formation of a single processing centre, which catalyses dsRNA cleavage [71] . The reaction takes place in the presence of water as a nucleophile and proceeds according to the twometal ion catalytic mechanism [72, 73] . The products of 
Rnt1
Rnt1 was initially identified as an enzyme involved in two steps of the yeast pre-rRNA processing, however, its role was then unambiguously restricted to the formation of the 3 0 -end of 25S rRNA [23, 75] . In silico analyses revealed the presence of dsRBD within the Cterminal region of the protein (Table S1 ). Consistently, Rnt1 preferentially cleaved double-stranded synthetic RNA molecules compared to the unstructured substrates [75] . Similarly, specific in vitro activity on structured RNA substrates, dependent on the intact dsRBD, was demonstrated for A. thaliana Rnt1 orthologue, AtRTL2, even though no binding of this protein to dsRNA was directly demonstrated. Importantly, a single mutation within the RNase III signature motif of AtRTL2 entirely abolished its endoribonucleolytic activity towards dsRNA [76] . AtRTL2 was shown to participate in the processing of 3 0 -ETS, akin to its yeast counterpart [77] (Fig. 1) . Interestingly, in contrast to bacterial RNase III and Rnt1, dimerization between AtRTL2 subunits is largely dependent on the formation of intermolecular disulphide bridges and therefore may be controlled by a redox status [77] .
Apart from its role in rRNA maturation, Rnt1 activity is also required for snoRNA and snRNA maturation [78] [79] [80] . A common feature linking various Rnt1 substrates is the presence of an (A/U)GNN tetraloop (G2-loop) at the top of a hairpin structure, in the vicinity of endonucleolytic cleavage site, which is conserved among fungi closely related to yeast [23, 78, 79, 81] . NMR studies uncovered an important role of guanosine at position 2 of the tetraloop in enforcing its predetermined conformation, stabilized by noncanonical base pairing and stacking, required for recognition by Rnt1 dsRBD [82, 83] . It was demonstrated that both the sequence of G2-loop and the stem below, as well as the distance between the loop and the processing site, are critical determinants of efficiency and specificity of Rnt1-mediated cleavage. Selective RNA substrate recognition by Rnt1 dsRBD, is most possibly achieved by correctly positioning the endonuclease active site with respect to the substrate cleavage site [84] [85] [86] [87] [88] . The solution structure of Rnt1 dsRBD with short RNA hairpin representing a fragment of one of its physiological substrates unveiled that, surprisingly, dsRBD residues do not form specific hydrogen bonds with either guanosine 2 or the less conserved adenosine at position 1 of the G2-loop [89] . Instead, the critical interactions occur between the dsRBD and the two other bases in the G2-loop, as well as with the sugar-phosphate backbone along one face of the duplex, inside minor and major grooves formed within the stem-loop structure. Therefore, Rnt1 dsRBD recognizes a specific fold of the G2-loop rather than a particular nucleotide sequence [89] . Indeed, the tetraloop and adjoining nucleotides build a pocket, into which an N-terminal helix of the dsRBD (helix a1) can be accommodated. Accordingly, in vivo analyses showed that several amino acid substitutions within this helix led to substrate-specific snoRNA, snRNA and rRNA misprocessing [89, 90] . In addition, Rnt1 contains an a-helical extension located downstream of its dsRBD, which enhances binding of the short stem-loops by influencing conformation of the helix a1 [91] . Curiously, another class of Rnt1 presnoRNA substrates, characterized by the presence of a distinct (AAGU) tetraloop, was also discovered [92] . In this case, the detailed nature of interactions between Rnt1 dsRBD and the RNA stem-loop is different than that described above, nevertheless it similarly contributes to cleavage selectivity [93] . High-throughput studies indicate that Rnt1 may cleave even a broader spectrum of stem-loop structures in multiple RNA substrates, including messenger RNAs (mRNAs) coding for proteins implicated in adaptation to changing growth conditions [94] .
Drosha and Dicer
Drosha and Dicer are metazoan RNase III family members, primarily involved in the biogenesis of microRNA (miRNA), through endoribonucleolytic processing of pri-miRNA and pre-miRNA precursors respectively. In addition, Dicer is responsible for the synthesis of siRNA (for recent reviews see [95] and [96] ). However, an increasing amount of data suggest that both proteins may be functionally relevant to other RNA metabolic processes, not related to small RNA biogenesis pathways, including pre-rRNA processing [97] . Inhibition of human Drosha results in the accumulation of 32S and 12S pre-rRNA species and reduced levels of the mature 28S and 18S ribosomal RNAs, suggesting decreased processing efficiency within ITS2 segment [98, 99] . In turn, another report demonstrated that downregulation of Drosha or Dicer caused accumulation of various 5.8S precursors, extended either at the 5 0 -or at the 3 0 -end, or both, however, cleavages within ITS1 and ITS2 regions were not affected in either case, indicating that these enzymes are not responsible for normal processing events [100] . Although elevated levels of abnormal 5.8S precursors were not accompanied by any decrease in mature species, showing that the activities of either Drosha or Dicer are not required for proper 5.8S rRNA biogenesis, it is still possible that these enzymes may play a role in fine-tuning of particular maturation steps. Interestingly, a noncanonical Dicer enzyme in Candida albicans (CaDcr1) was shown to act both as a Dicer and Rnt1 functional orthologue [101, 102] , demonstrating that a single RNase III-type protein may play versatile functions in small RNA biogenesis and pre-rRNA processing.
RNase MRP
RNase MRP (mitochondrial RNA processing; RMRP) is a ribonucleoprotein complex unique among endoribonucleases involved in eukaryotic pre-rRNA processing, since it most probably acts as a ribozyme, that is, catalysis is dependent on its noncoding RNA moiety (MRP RNA). It was initially identified and named following demonstration of its ability to cleave the mitochondrial RNA functioning as a primer for mtDNA replication in vitro [103] [104] [105] . Nevertheless, MRP RNA is present in both mitochondria and nucleolus, with the latter compartment being the predominant site of its localization [106] [107] [108] [109] [110] [111] . Furthermore, determination of subunit composition of nucleolar and mitochondrial RMRPs revealed that while they share the same RNA component, protein constituents of both enzymes are different [112] . Accordingly, nucleolar and mitochondrial RMRPs display different activities with regard to various RNA substrates in vitro [112] . These findings underscore the importance of RNA molecule for the catalytic activity of RMRPs functioning in distinct locales in the cell, consistent with the hypothesis that they act as ribozymes.
RNase MRP is highly evolutionary related to RNase P -a well-known enzyme responsible mainly for the maturation of the 5 0 -end of tRNA molecules in all three kingdoms of life [113] [114] [115] . RNA components of RMRP and RNase P have dissimilar nucleotide sequences, but fold into comparable secondary cagelike structures [116, 117] . While the enzymatic activities of RNase P RNAs from different organisms were directly demonstrated [113, 118, 119] , it has still to be documented for RMRP, which was only shown to cleave its substrate in vitro as a holoenzyme [34, 40, 120, 121] . MRP RNA consists of two domains (Table S1) , one of which (domain 1) is highly similar to the CD (C-domain) of the RNase P RNA component [114, [122] [123] [124] . It was shown in S. pombe that domain 1 is a part of the catalytically active enzyme core, together with eight protein subunits [125] . In contrast, MRP RNA lacks the structural element that would resemble the specificity domain (S-domain) of the RNase P RNA moiety, that is, its domain 2 is structurally unrelated [126, 127] , which may partially explain differences in substrate specificities between these two enzymatic complexes.
The protein components of RNase P are catalytically inactive, however, they are important for the optimal activity of the RNA molecule, most probably through stabilization of the enzymatically competent conformation of the latter, and -by inference -the same is probably true for RMRP [119, 121, 128] . RNases P and MRP from yeast and most probably higher eukaryotes, including humans, share eight common protein subunits, homologous between distant species (alternative names for the human counterparts are given in parentheses) -Pop1, Pop3 (RPP38), Pop4 (RPP29), Pop5, Pop6 (RPP25), Pop7=Rpp2 (RPP20), Pop8 (RPP14) and Rpp1 (RPP30) [117, 121, 128] . Furthermore, there are two proteins specific exclusively to S. cerevisiae RMRP holoenzyme -Snm1 and Rmp1 [129, 130] , one protein specific to RNase P in both yeast and human cells -Rpr2 (RPP21) [117, 131] , and an additional component present in both human RNases P and MRP -RPP40 [132] (Table S1 ). Most of the proteins shared by RNases P and MRP contain regions rich in basic amino acids, which in at least three cases were shown to be important for nucleolar localization [133] .
In concordance with the predominantly nucleolar localization, the principal function of the yeast RMRP was found in rRNA biogenesis [134, 135] 0 -end maturation). However, since RMRP dysfunction impairs the early stages of the canonical rRNA biogenesis pathway, it also plays an important, albeit most probably indirect, role in processing events other than A 3 site cleavage [138] . Similar conclusions have been drawn based on a recent study on the human RMRP, which unequivocally cleaves pre-rRNA at site 2 in ITS1, but endonucleolytic processing at other sites of the precursor molecule is also affected by the disruption of the MRP RNA locus [40] .
The cleavages at sites A 2 and A 3 are inter-related, although they are dependent on different RNP processing complexes, namely SSU processome (the RNP involved in the 18S pre-rRNA processing and assembly of the 40S ribosomal subunit; see section PIN domain-containing proteins, part about Utp24 and Utp23, for more details) and RMRP, which were proposed to physically interact [139] (Table S1 ). An important factor linking processing events at sites A 0 , A 1 and A 2 with cleavage at site A 3 is an essential Rrp5 protein, indispensable for the proper maturation of both 18S and 5.8S rRNAs [140] . Distinct regions of Rrp5 mediate the interaction between RNPs responsible for processing at sites A 0 /A 1 /A 2 and A 3 : while the C-terminal domain of Rrp5 cross-links to sequences around A 2 site as well as to U3, U14, snR10 and snR30 snoRNAs, required for the early processing events, the N-terminal domain interacts with sequences surrounding A 3 site and with the MRP RNA [140] [141] [142] . Altogether, these data suggest that Rrp5 enables spatial and temporal coordination of the early processing events. Importantly, however, Rrp5 was shown not to be required for the recruitment of RMRP to the A 3 site. Instead, Rrp5 is most likely responsible for the precise definition of the cleavage sites, and -probably -for the activation of A 3 processing by RMRP [142] .
An in vitro selection approach allowed to conclude that RMRP has a clear preference towards singlestranded RNA molecules and that several substrate elements in the vicinity of the cleavage site, such as the presence of a cytosine at position +4 and a U-rich stretch at positions À7 to À2, are important for its activity [ 
PIN domain-containing proteins
Proteins containing the so-called PIN (PilT N-terminal) domain are widespread among species representing all domains of life. PIN domain was named after the PilT type IV biogenesis factor, an ATPase, which holds the PIN domain at the N terminus [156] . The PIN domain-containing proteins in bacteria and Archaea function as components of the so-called VapBC toxin-antitoxin (TA) modules, implicated in plasmid protection and the regulation of bacterial pathogenicity and persistence [157] .
Bioinformatic analyses revealed that PIN domains are evolutionary related to T4 phage RNase H and Fen1 endonuclease, suggesting that they might be associated with nucleolytic activities [158] . This was essentially confirmed by the first solved structures of archaeal PIN domain-containing proteins, however, based on in vitro biochemical assays they were initially identified as exo-rather than endoribonucleases [159, 160] . In turn, the majority of eukaryotic PIN domain-containing proteins studied to date are active endoribonucleases. Apart from pre-rRNA processing, they are involved in a broad range of RNA metabolic processes, such as mRNA surveillance in the nucleus, nonsense-mediated decay (NMD, a cytoplasmic mRNA quality control pathway) and specific posttranscriptional regulation of mRNAs coding for several cytokines [161] [162] [163] .
A characteristic structural feature of the nucleases encompassing PIN domain is the presence of four (sometimes three) acidic amino acid residues (usually 
Nob1
The best characterized eukaryotic PIN domain-containing protein is probably Nob1, which appears to function in the exactly same step of the 18S rRNA maturation in yeast, plants and vertebrates ( Fig. 1 ; Table S1 ). The endoribonucleolytic activity has been demonstrated for S. cerevisiae and A. thaliana Nob1, and very recently also for the human protein, however, in the latter case it was detectable in vitro only in the presence of an active ATPase cofactor, hCINAP [17, 18, 28, 29, 167, 171, 172] .
Consistent with its prominent role in the ultimate phase of 18S maturation (Fig. 1 ), Nob1 associates with the pre-40S particles and is exported from the nucleus to the cytoplasm to fulfil its function [12, 29] . Nob1 function is influenced by several other RBFs, including RNA helicase Prp43 and its cofactor Pfa1, export factors Enp1 and Ltv1, and many other ribosome assembly proteins that regulate Nob1 access to the cleavage site within pre-rRNA [28] (Table S1) . Indeed, it was demonstrated that the region encompassing the Nob1-processing site undergoes a structural rearrangement prior to endonucleolytic cleavage that most probably prevents premature processing unless pre-40S particles are exported to the cytoplasm [171, [173] [174] [175] [176] . Very recently, the Pumilio repeat-containing protein Nop9 has been also reported to prevent Nob1-mediated cleavage in the nucleus by blocking the access to the target pre-rRNA, as it binds 18S sequence and regulates the rRNA folding at early stages of ribosome assembly [177, 178] .
Moreover, in vitro studies performed using archaeal RBFs revealed that an additional control of Nob1 activity may be provided by an interaction with Fap7 NTPase, which inhibits endoribonucleolytic activity of Nob1 [179] . While no interaction was observed between Nob1 and Fap7 in yeast [180] , Fap7 homologue -hCINAP -interacts with NOB1 in human cells. Intriguingly, in contrast to the archaeal counterpart, hCINAP ATPase activity is required for stimulation of intrinsically weak NOB1 endoribonuclease properties [172] . The reason for such divergence in the Fap7/hCINAP roles between organisms deserves deeper exploration in the future.
Furthermore, it has been speculated that the Nob1-binding protein, Dim2/Pno1, which is most probably responsible for Nob1 recruitment, must dissociate from pre-40S right before Nob1-mediated cleavage [176, 181] . This event appears to be strictly dependent on the activity of Rio1 kinase, which in human cells was shown to stimulate recycling of Nob1 and Dim2 from cytoplasmic pre-40S particles [176, 182] .
Importantly, Nob1 binds RNA as a tetramer [171] , in agreement with observations of other PIN domaincontaining proteins, which are also able to form homomultimers [159, 183] .
Utp24 and Utp23
The yeast PIN domain-containing protein, Utp24, was convincingly shown to participate in the early U3 snoRNA-dependent cleavages of rRNA precursors [13, 184] (Table S1 ). Utp24 is a component of the SSU processome, a large ribonucleoprotein complex of about 2.2 MDa, required for 18S rRNA maturation and 40S subunit assembly [13, 15, 185] . First studied in yeast, SSU processome contains more than 70 protein components, but specific molecular functions have been described for only a few of these factors (reviewed in ref. [186] ). Human UTP24 (hUTP24) also interacts with at least several proteins homologous to the SSU processome components [15, 187] . Recently, endoribonucleolytic activity of both yeast and human recombinant Utp24 proteins has been directly demonstrated in vitro [16] . Accordingly, substitutions of conserved acidic residues in the putative active site of either yeast Utp24 or its human counterpart led to defects in the mature 18S production and small ribosome subunit biogenesis, strongly suggesting that these proteins are active ribonucleases also in vivo and play similar roles in pre-rRNA processing [13, 15, 16] .
Both yeast and human Utp24 proteins have been shown to interact directly with another RBF-encompassing PIN domain, namely Utp23/UTP23 (hUTP23) [187] , essential for early endoribonucleolytic pre-rRNA processing events [13, 32, 188] (Table S1 ). Only two of the four acidic amino acids, which typically constitute the PIN domain active site, are present in Utp23. Furthermore, they are not critical for Utp23 function in vivo [13, 189] , suggesting that the yeast protein does not display enzymatic activity [189] . On the contrary, its human counterpart, UTP23, contains three of four conserved acidic amino acids in the PIN domain active site [189] , indicating that its endonucleolytic activity might have been retained in human cells. Importantly, substitution of a single aspartate from this UTP23 cluster with asparagine resulted in molecular phenotypes similar to those observed upon protein depletion, indicating that the putative endoribonucleolytic activity of UTP23 is indeed indispensable for the correctness of the early pre-rRNA processing stages [187] . The critical role of Utp23 proteins in mediating interactions between 18S rRNA segment, snR30/U17 snoRNA (in the latter case largely dependent on the intact, conserved CCHC zinc finger present in Utp23/ UTP23), and associated RBFs has been convincingly documented in both yeast and humans [187] . It is essential for a structural remodelling of preribosomes, required for the proper SSU processome assembly [189, 190] . Nonetheless, further research is needed to demonstrate the predicted UTP23 involvement in the endonucleolytic cleavage within the long rRNA precursor in human cells.
The plant Utp24 and Utp23 orthologues have not been identified yet, however, the U3 snoRNP complex, related to the SSU processome and also participating in early pre-rRNA processing, was characterized in Brassica oleracea (BoU3 snoRNP) and homologues of its components were identified in other plants, including A. thaliana [191] [192] [193] .
Dis3/Rrp44
The fourth eukaryotic PIN domain-containing protein that functions in the rRNA biogenesis is a major catalytic subunit of the exosome complex -Dis3 (also known as Rrp44). The yeast Dis3 is a member of RNase II/R exoribonuclease family (see Exosome), but in addition it possesses an N-terminal PIN domain that is responsible for a second, endoribonucleolytic, activity (Table S1 ). In the presence of manganese as a cofactor, Dis3 PIN domain is able to cleave circular and linear single-stranded RNAs, with a preference towards substrates bearing monophosphate at the 5 0 -end [168] [169] [170] 194] . Moreover, several research groups demonstrated that the PIN domain plays an important structural role in the context of tethering Dis3 to the exosome ring [170, 195, 196] .
While deletion of DIS3 gene in yeast is lethal [197] , exo-and endonucleolytic activities of Dis3 RNB and PIN domains, respectively, are redundant to some extent, since abolishing any of them alone does not result in lethality [168] [169] [170] 198] . It is noteworthy, however, that PIN domain mutations give synergistic effects when combined with an impairment of Dis3 RNB domain exoribonucleolytic activity or RRP6 gene deletion, indicating that PIN endonuclease cooperates with both exonucleolytic activities of the exosome complex in the degradation of some substrates, most probably providing them with alternative free 3 0 -ends [168, 170, 199, 200] . This might be of particular importance in the case of structured pre-rRNA-processing by-products, when exonucleolytic decay is likely hindered by multiple duplex regions. Indeed, although Dis3 PIN domain -contrary to Nob1 or Utp24 -does not seem to participate in the direct cleavage of the prerRNA molecule at any of the known processing sites, its endonucleolytic activity is involved in the generation of specific 5 0 -ETS decay intermediates, by cutting within the single-stranded loop regions [168, 170, 199] .
It should be borne in mind that Dis3 PIN domain endonucleolytic activity works in the context of the exosome and is modulated by Dis3 interaction with the ring and other catalytic activities of the complex [201, 202] . Blocking the central exosome channel has a negative impact on the PIN domain endonucleolytic activity within the complex [201, 202] . It was suggested that the ring may increase the inherently low affinity of the PIN domain towards RNA substrates. In addition, the presence of the C-terminal part of Dis3 encompassing the RNB domain apparently inhibits PIN endonuclease in the holoenzyme, most likely due to the fact that the substrates are preferentially directed to the active site of the former domain when both of them are functional [202] . On the other hand, Rrp6 interaction with the exosome core stimulates the PIN domain endonuclease, exemplifying one of the existing interdependences between various nucleolytic activities of the complex [201, 203] . Furthermore, while the activity of Dis3 PIN domain alone is essentially unspecific in a sense that it cleaves RNA molecules at random sites, it becomes quasi-directional upon association with the ring, removing 3 0 -terminal nucleotides of the substrate more readily than the 5 0 -terminal ones [201, 202] . The regulation of PIN domain endoribonucleolytic activity by the ring is somewhat surprising in view of the structural data, demonstrating that its catalytic centre faces the solvent rather than the channel [195, 196] . Consistently, the circular RNA substrate, which cannot be accommodated into the channel, was efficiently cleaved in vitro by the reconstituted exosome containing Dis3, suggesting that the PIN domain active site is freely accessible to RNA molecules, which do not have to be threaded via the channel route [195] . These findings may be relevant to the observed participation of the Dis3 PIN endonucleolytic domain in the degradation of pre-rRNA-processing intermediates, which are too structured to be able to enter the channel, unless some significant structural rearrangements occur, which have not been demonstrated yet, thus allowing to reach the PIN catalytic site through the channel.
The role of PIN domain present in Dis3 orthologues in rRNA biogenesis in higher eukaryotes remains to be demonstrated. There are three RNase II/R homologues in human cells, however, one of them -DIS3L2 -is devoid of the PIN domain and therefore neither interacts with the exosome ring nor displays endonucleolytic activity, but instead is a key factor in the cytoplasmic exosome-independent RNA decay and surveillance pathways, conserved in most eukaryotes [204] [205] [206] [207] [208] [209] [210] . The remaining two human Dis3 orthologues -DIS3 and DIS3L -contain N-terminal PIN domains and thus interact with the exosome core, but only in the case of DIS3 is the PIN domain enzymatically active [211, 212] . Furthermore, DIS3L is localized exclusively in the cytoplasm, which rather excludes the possibility of potential contribution to rRNA maturation or quality control [211, 212] . On the other hand, DIS3 displays predominantly nuclear localization, but is absent from the nucleoli -the main site of prerRNA processing [212] . Contrary to yeast, while the disruption of DIS3 RNB domain, responsible for exoribonucleolytic activity, affects 5.8S rRNA maturation, additional inactivation of the DIS3 PIN domain does not enhance this phenotype, indicating that in human cells the contribution of endonucleolytic activity to this process, if any, is negligible [200] .
Surprisingly, A. thaliana has only one protein, AtDIS3/AtRRP44A, that contains all domains corresponding to the yeast Dis3 architecture (including PIN domain), and is localized mainly in the nucleus [63, 213] . The PIN domain of AtDIS3 is catalytically active in vitro and, similar to yeast and human counterparts, most likely directly interacts with the exosome ring [214, 215] . In concordance, expression of AtDIS3 in yeast strain depleted for the endogenous Dis3 partially restores growth, showing that they are functionally homologous [63] . Downregulation of AtDIS3 resulted in the impaired 5.8S maturation and accumulation of rRNA processing by-products, however, the contribution of endoribonucleolytic PIN domain activity to each of these processes was not investigated further [63] .
Rcl1
An enzymatic role for the yeast Rcl1 in pre-rRNA processing was proposed following observations that this essential nucleolar protein is required for the efficient U3 snoRNA-dependent endonucleolytic cleavages of pre-rRNA, proper 18S rRNA maturation and small ribosome subunit biogenesis [216] . Accordingly, Rcl1 was reported to physically associate with the SSU processome, most probably at the level of nascent ribosome [216] . While Rcl1 is not the integral component of the U3 snoRNP, it interacts directly with the ribosome assembly factor Bms1, within a specific Bms1-Rcl1 subcomplex [216] [217] [218] (Table S1 ). Like in the case of RCL1, deletion of BMS1 gene is lethal and depletion of either Rcl1 or Bms1 confers strikingly similar molecular phenotypes, including significantly compromised cleavages at sites A 0 , A 1 and A 2 , characteristic for the SSU processome dysfunction [217, 219] .
It was directly demonstrated that Bms1 is a GTPbinding protein, displaying a potent and specific GTPase activity, and Bms1 mutations potentially interfering with GTP/GDP binding exerted negative effects on its biological functions [217-219]. These findings indicate that GTP hydrolysis by Bms1 may act as a molecular switch required for function of its protein partner, Rcl1. Indeed, both proteins seem to reciprocally regulate one another and the Bms1-Rcl1 interaction is critical for the proper pre-rRNA processing in vivo [220]. Rcl1 enhances GTPase activity and improves the affinity of Bms1 towards U3 snoRNA, and in turn, binding of GTP (but not GDP) by Bms1 increases the strength of its association with Rcl1 [218, 221] . On the other hand, Bms1 is indispensable for Rcl1 nuclear import, and Rcl1 ability to bind to preribosomes in vivo is strictly dependent on its interaction with Bms1 [218, 220] . Altogether, a model was postulated, according to which Bms1 recruits Rcl1 to U3 snoRNP in a GTP-dependent manner, thereby spatially and temporally controlling Rcl1 functions in the early endonucleolytic processing events [218, 221] . Following GTP hydrolysis, Bms1-GDP affinity towards Rcl1 and U3 snoRNA was supposed to be decreased, leading to its dissociation from the preribosomes, which is a thermodynamically favourable process [218, 221] . Several aspects of this model have been recently challenged by demonstrating that Bms1-Rcl1 complex associates with and dissociates from preribosomes at similar stages of ribosome biogenesis. In particular, Bms1-Rcl1 assembly may remain associated with pre-40S particles even following A 2 site cleavage in ITS1 [220] . Furthermore, since Bms1 and Rcl1 are apparently recruited to preribosomes together, an attractive hypothesis was put forward, that GTP hydrolysis may induce conformational rearrangements in Bms1, allowing to unmask the putative RNA-binding site in Rcl1 just before ITS1 cleavage [14, 220] .
Rcl1 protein architecture resembles RNA cyclasesenzymes forming 2 0 ,3 0 -cyclic phosphate from the 3 0 -terminal phosphate in the presence of ATP [222] . In concordance, Rcl1 homologues present in various eukaryotes contain a so-called cyclase signature motif (RGX 2 PXG 3 XV) [223] . However, as compared to active cyclases (Rtc), Rcl1 proteins lack two conserved amino acids: (a) histidine, indispensable for the phosphate cyclization through the formation of covalent bond with the AMP phosphate, and (b) glutamate, likely involved in the coordination of the divalent cation cofactor [216, 222, 223] . Therefore, Rcl1 does not display cyclase activity, but might have acquired other enzymatic properties [216] . It was suggested that Rcl1 acts as an endoribonuclease in the cleavage of ITS1, however, this hypothesis is currently under discussion. On the one hand, structural and functional studies argued against the presumed endoribonucleolytic activity of Rcl1, since substitutions of amino acids in the putative active site did not adversely affect yeast growth in vivo [223] . But on the other hand it was also shown that transcripts mimicking ITS1 were accurately and specifically cleaved by recombinant Rcl1 in vitro, and the processing in vivo was impaired when the predicted cleavage site was mutated [14] . Most importantly, simultaneous substitution of three amino acids located at the presumed RNA-binding site of Rcl1, resulted in the loss of the observed nucleolytic activity, and this effect was partially recapitulated in vivo [14] . Above all, it was recently demonstrated that these three amino acids, rather than contributing to RNA binding, are crucial for Rcl1 interaction with Bms1, which is required for stable incorporation of Rcl1 into SSU processome [16] . The detailed molecular mechanism explaining still-to-be-proven endoribonucleolytic activity of Rcl1 clearly requires further biochemical and structural studies. In particular, the active site must be unambiguously identified and the appropriate mutant protein variants with substitutions abolishing the enzymatic activity should be designed and tested.
It was proposed that the role of Rcl1 might be conserved across the eukaryotic kingdom, since the expression of the mouse Rcl1 orthologue in the yeast strain depleted of the endogenous protein complemented functions of the latter [216] . Consequently, depletion of RCL1 protein in murine cells affected 5 0 -ETS and -more importantly -ITS1 processing [188] . However, a recent study in human cells put the potential endoribonucleolytic activity of mammalian Rcl1 homologues, as well as their involvement in rRNA maturation, into question [16] . In particular, substitution of three residues at positions equivalent to those, which were identified as important for yeast Rcl1 function [14,16], did not affect processing within ITS1 of human pre-rRNA [16] . Accordingly, UTP24 (see PIN domain-containing proteins, part about Utp24 and Utp23) has been confirmed to be primarily responsible both for endoribonucleolytic processing of 18S rRNA 5 0 -terminus and cleavage within ITS1 downstream of the mature 18S rRNA 3 0 -end [16] . In turn, the function of plant Rcl1 orthologues has not been examined yet.
Las1
Las1 protein has been implicated in ribosome biogenesis since the demonstration of its nucleolar localization and participation in large ribosome subunit maturation. siRNA-mediated depletion of LAS1 in human cells results in the aberrant 28S rRNA processing and defective production of 60S subunit, which leads to the nucleolar stress and inhibition of proliferation at the stage of G1-S transition [224] . These phenotypes are evolutionary conserved, since Las1 loss of function in yeast also causes cell cycle arrest at G1 phase and impaired large ribosomal subunit maturation [41, 42, 225] .
Bioinformatic meta-analysis revealed that Las1 contains a domain characteristic to HEPN superfamily of proteins [226] (Table S1 ). HEPN domains in numerous members of this superfamily contain a highly conserved RX 4 H motif, forming a metal-independent endoribonucleolytic active site. Since the putative catalytic residues in the HEPN domain of Las1 are preserved, it was hypothesized that Las1 may be directly responsible for the cleavage separating 5.8S and 25S rRNA segments during yeast pre-rRNA processing [226] . A recent experimental data confirmed that Las1 indeed displays endoribonucleolytic activity, which performs cleavage within ITS2 and is strictly dependent on the presence of intact arginine and histidine in the RX 4 H motif [43] .
Las1 homologues in different eukaryotes are involved in the network of interactions with other RBFs (Table S1 ). The yeast Las1 copurified with nuclear preribosomes in both the gradient fractionation and tandem affinity purification [41] . Accordingly, human LAS1 was identified in a multiprotein complex, including also PELP1, TEX10 and WDR18 nucleolar proteins, which cofractionated with pre-60S particles in a sucrose gradient [227] . Depletion of either subunit of this complex resulted in virtually the same defects in pre-rRNA processing and cell cycle arrest at G1, indicating that their cooperation is indispensable for proper ribosome biogenesis and cell proliferation [227] . Yeast homologues of PELP1, TEX10 and WDR18 form the Rix1/IPI complex, required for ITS2 processing and nuclear export of 60S subunits [228, 229] . Interestingly, human LAS1 and PELP1 are modified by sumoylation and are targets for SENP3, a SUMO-specific protease required for efficient processing of 32S precursor to the mature 28S [227,230,231]. Sumoylation of different RBFs appears to be an important regulator of their intranuclear localization, as exemplified by relocalization of LAS1 and PELP1 from the nucleolus to the cytoplasm upon depletion of either SENP3 [227, 230] .
One more protein copurifying with human LAS1 is particularly important in the context of pre-rRNA processing, namely NOL9 polynucleotide 5 0 -kinase [227] . NOL9 cosediments with pre-60S particles and is involved in the generation of both mature LSU rRNAs in human cells [232] . The activity of NOL9 is important for the cleavage of pre-rRNA within ITS2 and also for the maturation of the 5 0 -terminus of 5.8S S rRNA, arising after 5 0 -3 0 exoribonucleolytic trimming (see 5.8S 3 0 -end processing). It was therefore speculated that NOL9 may be required for the phosphorylation of the 5 0 -end of the distal processing intermediate generated by endonucleolytic cleavage within ITS1, which facilitates subsequent shortening by 5 0 -3 0 exoribonucleases that prefer 5 0 -monophosphorylated RNAs as substrates [232, 233] . Moreover, the interaction between LAS1 and NOL9, together with the observed contribution of NOL9 kinase to ITS2 cleavage and nearly identical effects of either LAS1 or NOL9 depletion, suggested that NOL9 may play a related role in the maturation of the 5 0 -end of 28S rRNA [227, 232] . It was proposed that PELP1-TEX10-WDR18 assembly recruits LAS1 and NOL9 to pre-60S particles containing 32S pre-rRNA precursor prior to ITS2 cleavage [227] . In this context, it should be pointed out that S. pombe Las1 was also shown to interact with NOL9 homologue, Grc3 and subunits of the Rix1/IPI complex, and mutations in genes coding for all the interacting proteins impaired ITS2 cleavage [234] . Formation of a stable Las1-Grc3 complex and mutual interdependence of both proteins during pre-rRNA processing, as well as the importance of Grc3 enzymatic activity for the correct ITS2 cleavage, were also documented in S. cerevisiae [42] . Importantly, proteomic studies showed that both Las1 and Grc3 are potential interactors of Rai1 (Rat1-interacting protein 1), a cofactor of Rat1 5 0 -3 0 exoribonuclease [235] (see XRN family of enzymes). Furthermore, functional interaction between Las1 and Rai1 was demonstrated independently [41] . Indeed, a recent report confirmed that Las1 fulfils its major function in pre-rRNA processing as a subunit of a four-component complex, encompassing also Grc3, Rat1 and Rai1 [43] . Based on the yeast two-hybrid analysis it was hypothesized that Grc3 bridges interactions between Las1 and Rat1-Rai1 heterodimer [43] .
XRN family of enzymes
The XRN family of conserved 5 0 -3 0 exoribonucleases was originally described in yeast S. cerevisiae [45,236,237] and orthologues were identified in several representatives of different taxonomic groups, including humans (Table S1 ; reviewed in ref.
[238]). In yeast and humans, two types of XRN proteins were described: cytoplasmic Xrn1/XRN1 and nuclear Rat1/ XRN2. Both proteins have similar sequence and structural features, particularly in the N-terminal regions and the active site, where seven acidic residues are strictly conserved and essential for activity [239, 240] . Xrn1/XRN1 and Rat1/XRN2 share the uniform 5 0 -3 0 exoribonucleolytic activity towards single-stranded RNA with 5 0 -monophosphate that enables processive degradation of the substrate to mononucleotides, but requires the presence of divalent cations, Mg 2+ or Mn 2+ , and is hampered by strong secondary structures [238,241-243]. The C-terminal region of Xrn1/ XRN1 and Rat1/XRN2 is less conserved; in the case of Xrn1/XRN1 it is much longer and comprises several additional domains [238, 244, 245] (Table S1 ). However, despite poor conservation, the C-terminal region of Rat1/XRN2 is needed for function of the enzyme [246] , and enables interaction with the Rai1 cofactor that activates and stabilizes the complex [247] . Rai1 assists Rat1 in several processes including transcription termination and pre-rRNA processing and increases the effectiveness of degradation of structured RNAs [241, 247] . The close interaction of the two proteins was confirmed by the crystallization of S. pombe Rat1 in complex with Rai1 [247] . In C. elegans, XRN2 functions together with a distinct protein partner, namely PAXT-1 [248] . The latter contains an XRN-2-binding domain (XTBD) and functional analogues of PAXT-1 likely exist in vertebrates [248] .
In general, the two XRN enzymes play distinct roles in vivo, however, they may act redundantly in some processes. Rat1/XRN2 functions primarily in the nucleus in the degradation and processing of several classes of nuclear RNAs, including rRNAs, but has also an important role in transcription termination by a torpedo mechanism [249, 250] . The pre-rRNA processing by Rat1/XRN2 involves the maturation of 5 0 -ends of 60S subunit rRNAs, 25S/28S and 5.8S rRNAs (Fig. 1) , and degradation of excised pre-rRNA fragments [17,18,21,44,46,64,65]. In turn, Xrn1/XRN1 not only acts as the major mRNA-degrading enzyme in the cytoplasm but also additionally contributes to prerRNA processing by Rat1 in yeast [21, 44, 64, 251, 252] .
In contrast to yeast and humans, three XRN family proteins exist in plants, all of which are Rat1/XRN2 homologues: AtXRN2, AtXRN3 and AtXRN4, but only AtXRN2 and AtXRN3 are localized in the nucleus, as AtXRN4 lacks half of the bipartite NLS (nuclear localization sequence) and localizes to the cytoplasm [243] . Both AtXRN2 and AtXRN3 were shown to function in processing of the primary rRNA transcript, as well as in the degradation of pre-rRNA processing by-products [30, 31] (Table S1 ). It is worth mentioning that AtXRN2/3 participates in trimming of the 5 0 -end of the primary rRNA precursor, and AtXRN2 activity is essential for cleavage at site P to occur [30] . Interestingly, mammalian XRN2 is required for processing of 5 0 -ETS at the equivalent cleavage site 01(A 0 ) (Fig. 1) , however, the functional importance of this mechanism is not fully determined, as lack or delay in P cleavage in plants or 01(A 0 ) in mammals causes minor changes in the downstream processing steps and does not affect production of mature rRNAs [30] [31] [32] 65] . Importantly, human XRN2 has been very recently shown to act as a component of the novel nucleolar subcomplex, together with the NKRF/NFjB factor and a DEAH-box helicase DHX15, a homologue of the yeast Prp43 that facilitates Nob1-mediated cleavage [253] (Table S1 ; see section PIN domain-containing proteins, part about Nob1). Both the DHX15 and NKRF are required for the 01(A 0 ) cleavage to occur -NKRF recruits XRN2 and stimulates DHX15 enzymatic activity, which likely induces structural rearrangement of the substrate around processing site 01
. In addition to pre-rRNA trimming, XRN proteins contribute to the quality control of rRNA maturation by degrading many aberrant pre-rRNA species and through the removal of excised by-products [30, 46, 65, 253] . NKRF-mediated regulation of pre-rRNA processing and RNA surveillance that depends on XRN2 activity has been lately defined as an important mechanism of the nucleolar homeostasis maintenance under stress conditions [254] .
Rrp17/NOL12
Rrp17/NOL12 is another 5 0 -3 0 exoribonuclease, initially described in yeast, which contributes to the maturation of rRNA [47] (Table S1) A multisubunit exosome complex is the most important eukaryotic 3 0 -5 0 exoribonuclease, which participates in a wide range of RNA metabolic pathways and targets virtually all RNA classes [255, 256] . The yeast exosome has been best characterized, but it seems that its counterparts in higher eukaryotes share most of its features [257] . The central part of the exosome is a ring-like structure formed by three heterodimers -Rrp41-Rrp45, Mtr3-Rrp42 and Rrp43-Rrp46. Each of these proteins contain a domain homologous to the bacterial phosphorolytic ribonuclease -RNase PH, however, in the course of evolution, subunits of the yeast and human exosome ring lost their phosphorolytic activity. This hexameric ring is capped on one side by the trimer of Rrp4, Rrp40 and Csl4 subunits with the S1 and KH RNA-binding domains. This nine-subunit structure forms the core of eukaryotic exosome [255, 256] . Although the core lacks the enzymatic activity, the exosome per se is catalytically active owing to the association with additional subunits. The tenth exosome component is a processive 3 0 -5 0 exoribonuclease and endoribonuclease Dis3/ Rrp44 [168] [169] [170] 258] , that joins at the bottom of the core, at the opposite side of trimeric cap [195, 196, 259, 260] . The nuclear version of the yeast exosome associates with an additional component -a distributive 3 0 -5 0 exoribonuclease Rrp6 [259, 261, 262] . For a long time it was assumed that the presence of the 10-and 11-subunit exosome complex in the cytoplasm and the nucleus, respectively, is a more general eukaryotic feature, but recent studies have questioned this supposition. First, as already mentioned above (see PIN domain-containing proteins, part about Dis3/ Rrp44), three proteins of the DIS3 family were identified in human cells, of which DIS3 and DIS3-like (DIS3L) are true DIS3 homologues. Although they both interact with the exosome core, their cellular localization, biochemical properties, targeted substrates and thus, functions in RNA metabolism differ substantially [211, 212] . Differences in cellular localization in comparison to yeast were observed also for human RRP6 (EXOSC10, Pm/Scl-100) which is present not only in the nucleolus but also in the cytoplasm [212] . Secondly, the plant exosome complex exhibits some additional variations from its fungal counterpart. Like in the case of yeast and humans, plant genomes encode all nine core exosome subunits, however, depending on the species, some of them are represented by duplicated genes [263] . Recently, it has been shown that in A. thaliana, both versions of duplicated core subunits are true components of exosome [214] , however, it is unclear whether differentially composed complexes have some distinct functions. Surprisingly, while the yeast and human exosome rings have definitely lost their phosphorolytic acitivity, due to mutations of critical aminoacids in RNase PH subunits [258, 262] , it is likely that it was at least partially retained in the case of the core of the plant complex. It was demonstrated that the recombinant AtRRP41 purified from bacteria lacking polyribonucleotide phosphorylase displays processive phosphorolytic activity, however, no catalytic mutants were tested [264] . It is unclear, however, whether AtRRP41 controls its own set of substrates and if so, whether turnover of these RNAs depends only on the activity of AtRRP41, or if the presence of the entire exosome core is required. In addition, three RRP6-like (AtRRP6L) proteins are present in A. thaliana, which form two distinct subfamilies. One of them, comprising AtRRP6L3, is specific to plants and localized in the cytoplasm, while the nuclear AtRRP6L1 and AtRRP6L2 are more similar to their yeast and human counterparts [265] . Interestingly, none of them have been characterized as the genuine component of the plant complex yet. On the other hand, the plant homologue of yeast Dis3 has been recently identified as a subunit of A. thaliana exosome [214] . 3 0 -5 0 Exonucleases associated with the exosome ring Dis3/Rrp44: The yeast Dis3/Rrp44 associates with both cytoplasmic and nuclear exosome, and is composed of several domains [258, 266] (Table S1 ). Following N-terminal PIN endonuclease domain (see PIN domain-containing proteins, part about Dis3/Rrp44), Dis3 contains two cold-shock domains (CSD1 and CSD2), RNase II (RNB) CD, responsible for the 3 0 -5 0 exoribonuclease activity, and S1 RNA-binding domain. In general, Dis3 is structurally and mechanistically related to bacterial RNase II, however, its activity towards structured substrates resembles the properties of bacterial RNase R, since Dis3 is able to unwind secondary structures on its own, provided that at least a four to five-nucleotide-long, unstructured region is present at RNA 3 0 -end [266, 267] . Other nuclear structured Dis3 substrates are unwound by the RNA helicase Mtr4, one of the nuclear exosome cofactors [256] . As stated above, Dis3 acts in the context of exosome complex, hence RNAs are threaded through the exosome ring channel to reach the exonucleolytic active site [195, 201, 202, 260] , but there is a subset of substrates that could be targeted directly to Dis3 exonuclease [199, 268] . The existence of 'channel-independent' or 'direct access' route delivering substrates to RNB domain active site has been observed in structural analyses [259, 268] . Interestingly, Dis3 exonuclease activity is stimulated by Rrp6 (see below), which through its association with the trimeric cap components apparently widens the central channel, thus facilitating RNA access to the catalytic centre in the 'channel-dependent' pathway [269] . Furthermore, Rrp6 enhances Dis3 activity also by contributing to substrate binding (see below) [259, 269] .
Downregulation of the yeast Dis3 and its counterparts in plants and humans leads to the accumulation of 5 0 -ETS fragments and 5.8S precursors extended at 3 0 -end, namely 7S in yeast and plants [55, 63, 270] , and 12S in human cells [212] (Fig. 1) . Moreover, Dis3 orthologues, together with the exosome core, are engaged in the trimming of the 3 0 -extended pre-18S in higher eukaryotes [17] [18] [19] (Fig. 1) .
Rrp6: Rrp6 is a member of the RNase D family, which in yeast associates exclusively with the nuclear exosome core. Rrp6 contains several domains (Table S1 ): an N-terminal PMC2NT domain that is responsible for association with Rrp47 cofactor critical for its stability [271] ; catalytic module (CAT), encompassing EXO/DEDD-Y domain (responsible for a distributive 3 0 -5 0 exoribonucleolytic activity) and HRDC domain; and the C-terminal domain (CTD), that links Rrp6 to the exosome core via interaction of its exosome-associating region (EAR domain) with trimeric cap structure and the ring proteins [259, 260, 269, [272] [273] [274] . Recently, another functional Rrp6 CTD segment has been discovered and termed 'lasso' -the role of this protein fragment rich in basic residues is to enhance RNA-binding properties of the exosome assembly. Thus, Rrp6 lasso stimulates nucleolytic activities of Rrp6 and Dis3 catalytic subunits [203] .
Rrp6 rests atop the exosome ring, distant from Dis3 which is located at the opposite side of the channel, and RNA substrates are funnelled into the exosome core from the 'top' side [195, 259, 260, 269] . For a long time it was unclear whether RNA is directed to Rrp6 exonuclease straightaway, or has to traverse the ring central channel to reach its catalytic site. Latest structural studies revealed that both delivery paths are utilized: the substrate could reach Rrp6 directly, without any contact with the rest of the exosome [259] , or RNA could enter the exosome core at the side between the trimeric cap and hexamer ring and then go up to Rrp6 active site [201, 269] . The presence of both channel-dependent and channel-independent substrate-targeting pathways is therefore a common feature of Rrp6 and Dis3. In the case of Rrp6, this may be reflected in vivo by the fact that while for some spectrum of substrates Rrp6 requires the help of the entire complex, its other functions may be executed independently of the exosome core [275] . Channel-dependent routes delivering substrates to either Rrp6 or Dis3 are partially overlapping (in the opposite directions) and mutually exclusive, therefore which exonuclease carries out degradation of particular RNA is probably determined by exosome accessory factors [269] . Furthermore, Rrp6 may function within the complex in two different modes -catalytic site of Rrp6 is fully accessible only in the so-called 'RNA-degrading mode', whereas transition to another state, dubbed 'RNAbinding mode', impairs the shape of Rrp6 active site, thus biasing RNA delivery path towards Dis3 [259] .
The two active components of the nuclear exosome, Dis3 and Rrp6, despite acting on their own classes of substrates, have also some overlapping functions. 5.8S maturation depends on both proteins -Dis3 digests 3 0 -ends of 5.8S precursors leaving 30-nucleotide-long extension, which is subjected to further processing by Rrp6 [55, 261] (Fig. 1) . Rrp6 is also responsible for the elimination of 5 0 -ETS fragments, and this function is conserved in higher eukaryotes [32, 265, 276] . Moreover, pre-18S particles are substrates of human and plant counterparts of yeast Rrp6 [17] [18] [19] . In plants, however, despite the presence of two Rrp6 homologues in the nucleus, only AtRRP6L2 is involved in rRNA processing [19, 265] .
Beyond rRNA biogenesis, Rrp6 plays many other important roles in RNA metabolism. It participates in the elimination of pervasive transcripts [277] , snRNA maturation and snoRNA stability control [55, [278] [279] [280] [281] , and probably also in rescuing backtracked RNA polymerase II during transcription termination [282] . Moreover, lack of Rrp6 results in RNA hyperadenylation, which points to the possible contribution of Rrp6 to the regulation of mRNA stability by controlling the length of poly(A) tails. One of poly(A)-binding proteins, Nab2, recruits Rrp6, what leads to poly(A) tail shortening or transcript removal [283, 284] . However, despite multitude of functions, the most prominent role of Rrp6 is participation in the nuclear surveillance pathway.
Exosome cofactors supporting exonucleolytic activities Rrp47 and Mpp6: To exert its functions in rRNA processing, Rrp6 associates with Rrp47, which is composed of one Sas10/C1D domain [285] , and is able to bind both double-stranded RNA and DNA [286] . The presence of Rrp47 is dispensable for Rrp6 association with the exosome core [286] , however, it is necessary for the recruitment of Mtr4 to the exosome [287] . Interestingly, knockout of either Rrp47 or Rrp6 in yeast is synthetically lethal with the absence of Mpp6 (M-Phase Phosphoprotein 6 homologue) [288] , another exosome cofactor, which role in RNA metabolism is less clear than Rrp47. It is known that the lack of Mpp6 results in the accumulation of 3 0 extended pre-5.8S -a phenotype similar to RRP6 deletion or Mtr4 depletion [288] . Moreover, contrary to Rrp47, Mpp6 has the propensity to bind single-stranded RNA and displays the highest affinity towards poly(U) tracts [288] , what is interesting in the context of pre-rRNA uridylation in higher eukaryotes, particularly taking into account that such precursors are substrates of the human and plant counterparts of the yeast Rrp6.
In human cells, lack of RRP47/C1D and MPP6 leads to analogous phenotype as knockdown of their counterparts in yeast, namely accumulation of 12S [50, 289] . Moreover, MPP6 in human cells associates with RRP6-RRP47 heterodimer [50] , whereas the yeast Mpp6 associates directly with the exosome core, but does not interact either with Rrp47 or with Rrp6 [287] . While Rrp47 is conserved in higher eukaryotes, BLAST search did not reveal the presence of Mpp6 homologue in A. thaliana [263] . AtRRP47 associates only with one nuclear homologue of RRP6, AtRRP6L2, however, this interaction is dispensable for AtRRP6L2 activities [19] .
Mtr4 and TRAMP complex: Among several nuclear exosome cofactors, RNA helicase Mtr4 is most thoroughly characterized. It is composed of a four-domain, ring-like helicase core, encompassing a DExH domain, and a large arch domain spanning the core [290, 291] . The most prominent function of Mtr4 is unwinding of the structured RNAs, and probably also removal of proteins associated with these transcripts, allowing for generation of single-stranded RNAs prone to further processing by exosome [292, 293] . Moreover, Mtr4 could exert its functions independently or as part of the TRAMP4 or TRAMP5 complex, which also contains a noncanonical poly(A) polymerase (Trf4 or Trf5 respectively) and a zinc knuckle RNA-binding protein (Air2 or Air1) [38, [294] [295] [296] . It is known that Mtr4 alone facilitates formation of the mature 5.8S 3 0 -end by the exosome [54, 55] , and that this function of Mtr4 is conserved in higher eukaryotes [50, 62] . In turn, TRAMP complex adds short poly(A) tracks, hence promoting RNA degradation by the exosome [294] [295] [296] , and unwinds structured RNAs more robustly than Mtr4 alone, due to stimulation of the latter by other TRAMP components [297] . Interestingly, in vitro studies revealed that Mtr4 has a higher affinity for polyadenylated substrates [292] , what probably allows Mtr4 and TRAMP to preferentially unwind RNAs with 3 0 -overhangs ending with oligo(A) tail [297] . Moreover, optimal oligo(A) tail is three to four nucleotides long and the length is controlled by Mtr4 [298] .
In some cases it is difficult to distinguish whether Mtr4 acts independently or as a part of TRAMP. [276, 299] [214] . It is possible that TRL exerts its functions independently, since its C terminus contains a stretch of basic amino acids known to be responsible for RNA binding in higher eukaryotes. Accordingly, this motif allows human PAPD5/TRF4-2 to polyadenylate RNAs without the assistance of any cofactor [300] . In turn, yeast Trf4 lacking such a motif exhibits poly(A) polymerase activity only when supported by either Air1 or Air2 [294, 295] .
Surprisingly, not all Mtr4 roles depend on the action of its helicase domain. Recent studies showed that some Mtr4 functions in rRNA processing, namely maturation of the 5.8S rRNA and elimination of 5 0 -ETS fragments, rely on its arch domain [301] . It has been documented recently that two RBFs, Nop53 and Utp18, function as adaptors recruiting Mtr4 to specific transcripts through its arch domain [302] . CRAC (cross-linking and analysis of cDNA) experiments revealed that Utp18 recruits Mtr4 to the excised 5 0 -ETS fragments, whereas Nop53 facilitates targeting Mtr4 to pre-60S molecules. This interaction is mediated by a unique short sequence, called Mtr4 arch interaction motif (AIM), in Nop53 and Utp18. Moreover, researchers speculate that there should be other proteins harbouring versatile AIM, which facilitates substrates recognition by Mtr4 [302] .
Rex1, Rex2, Rex3 proteins in yeast
Rex1-3 proteins were identified in a screen for trimming exonucleases involved in the 3 0 processing of various RNA species in yeast [25] (Table S1 ). They are members of the DEDD superfamily of nucleases, comprising enzymes such as RNase D and RNase T, participating in the maturation of stable RNAs in bacteria, oligoribonuclease, eukaryotic deadenylases (Caf1/Pop2, Pan2, PARN) and Rrp6 [303] . None of them are essential in S. cerevisiae, likely due to the functional overlap with other yeast enzymes. Analyses of molecular phenotypes resulting from deletions of genes coding for Rex proteins revealed that each of them plays a specific role, removing short 3 0 -terminal extensions from the precursors of various stable transcripts. Rex1 is involved in the formation of the mature 3 0 -end of 5S rRNA and 3 0 -processing of the tRNA Arg coded for by the proximal cistron in dicistronic genes. Rex2 was shown to participate in the final trimming of the 3 0 -end of pre-U4 snRNA, most likely following the action of Rrp6 on a longer precursor. In addition, it functions also as a mitochondrial oligoribonuclease [304] . Finally, the 3 0 -5 0 exoribonuclease activity of Rex3 appears to be indispensable for the maturation of MRP RNA. On the other hand, Rex1-3 proteins seem to be redundantly involved in the 3 0 -end processing of some other RNA species, including U5L snRNA and RNase P RNA component [25] . It has to be emphasized that Rex1-3 proteins have not yet been directly demonstrated to display 3 0 -5 0 exonucleolytic activity. The intact conserved DEDD motives present in their sequences strongly suggest that they are enzymatically active, nevertheless it remains to be experimentally validated. The roles of the putative exonucleolytic activities of Rex1-3 proteins in the yeast pre-rRNA processing are found in the 3 0 -end maturation of 5.8S and 25S rRNA species (Fig. 1) .
Yeast Rex4 and human ISG20L2
Saccharomyces cerevisiae Rex4 is another DEDD nuclease superfamily member, homologous to Rex1-3 proteins. Although its exoribonucleolytic activity was never demonstrated and no phenotypes of the REX4 gene deletion at the RNA level were found in the initial study [25] , a subsequent report indicated that it may contribute to the yeast ITS1 processing and ribosome biogenesis [305] . Nonetheless, a follow-up research suggested that its function in rRNA processing is most probably indirect [306] . On the contrary, one of the four human Rex4 paralogues, namely ISG20L2 protein, was quite convincingly shown to directly participate in the processing of ITS2 segment [51] ( Fig. 1; Table S1 ). ISG20L2 displayed clear nucleolar localization, dependent on the N-terminal part of the protein, which is also responsible for the interaction with RPs and RBFs. The full-length GST-tagged recombinant ISG20L2 was able to exonucleolytically degrade single-stranded RNA substrates in vitro in the 3 0 -5 0 direction, but the dependence of the observed enzymatic activity on the intact DEDD motif was not faithfully documented due to the lack of analysis of point mutant protein variants [51] . (Fig. 1) . It is worth noting that the putative Ngl2 activity is not required for any other prerRNA processing steps [57] . Data from global protein localization studies in yeast indicated that Ngl2 is a cytoplasmic protein, in concordance with the fact that the final 5.8S 3 0 -end maturation step takes place in the cytoplasm [58, 308, 309] . The nuclease activity of Ngl2 remains to be experimentally validated.
Yeast
Interestingly, close orthologues of Ngl2 were not found in higher eukaryotes, which instead seem to utilize ERI1 for the ultimate phase of 5.8S rRNA 3 0 -end maturation ( Fig. 1; Table S1 ). ERI1 is another member of DEDD nuclease superfamily, most closely related to bacterial RNase T [303] , evolutionary conserved from fission yeast to humans. Apart from DEDD CD, it also contains SAP nucleic-binding domain, located upstream [310] . The SAP domain, as well as the region linking the SAP and DEDD domains, was shown to facilitate ERI1 interactions with the substrates [59,311,312].
The ERI1 (also dubbed as 3 0 hExo) was initially identified as a metazoan 3 0 -5 0 exoribonuclease regulating the turnover of replication-dependent histone mRNAs and as a suppressor of RNA interference in C. elegans [311-313]. There are two paralogues of ERI1 in C. elegans -ERI1a and ERI1b -generated by alternative splicing. While any of them is sufficient to carry out 5.8S rRNA processing in vivo, only ERI1b is able to participate in RNAi regulation. This is due to the fact that ERI1b interacts with DCR-1, most likely via the extended 3 0 -terminus, which is absent in the ERI1a isoform. In contrast to Rex proteins, ISG20L2 and Ngl2, a 3 0 -5 0 exoribonuclease activity of ERI1 orthologues from various eukaryotes, as well as its dependence on the functional catalytic DEDD domain, was convincingly demonstrated in vitro on a wide range of RNA substrates, including: siRNAs, the 3 0 -end hairpin of replication-dependent histone mRNAs and the extended 3 0 -terminus of 5.8S pre-RNA embedded into an artificial double-stranded structure imitating the one present in the mature ribosome [59,60,311-314]. Moreover, these analyses showed that the physiological ERI1 substrates have common structural features, namely the presence of an RNA duplex with single-stranded extensions. The ability of ERI1 to trim short unstructured tails at the extremities of double-stranded RNA molecules is in agreement with the structural data showing that the active site of ERI1 is most likely unable to accommodate RNAs longer than dinucleotides [315, 316] .
Similar to yeast Ngl2, ERI1 proteins from S. pombe and C. elegans are localized in the cytoplasm, where they exert their functions [60, 313, 314] . Surprisingly, tagged mouse and human ERI1 were shown to be localized both in the cytoplasm and in the nucleus, with clear nucleolar enrichment [59] . Although this could be due to overexpression, it is also possible that ERI1 in vertebrate species may associate with prerRNAs already in the initial phases of processing, that take place in the nucleus. The observed binding of ERI1 to the mouse 45S pre-rRNA would support this hypothesis [59] . Nonetheless, the enzymatic activity of vertebrate ERI1 is most likely able to process 5.8S rRNA molecules extended by one to two nucleotides in the cytoplasm, following export of the late preribosomes from the nucleus [317] .
It was hypothesized that in the course of evolution, eri-1 gene was lost in S. cerevisiae, together with genes coding for Dicer, Argonaute and other factors involved in RNA interference, which is absent from budding yeast [60] . This would explain why another enzyme, namely Ngl2, took over the Eri1 function in 5.8S pre-rRNA trimming in S. cerevisiae.
In turn, ERI1 homologue, dubbed ERIL1, is present and expressed in plants [318] [319] [320] . Purified AtERIL1 protein displays the 3 0 -5 0 exoribonucleolytic activity in vitro, but in contrast to ERI1 in C. elegans, no activity towards siRNA-like substrates (dsRNA oligonucleotides with 3 0 dinucleotide overhangs) was observed [320] . AtERIL1 was proposed to regulate the levels of endo-, but not exogenous siRNAs, and its influence on miRNA-mediated silencing was defined as rather indirect [319, 320] . Interestingly, nuclear-encoded ERIL1 is imported to chloroplasts and contributes to the processing of chloroplast rRNAs, however, it is not yet clear whether ERIL1 participates in this process directly or indirectly [320] . [186] . In plants, the early cleavage in 5 0 -ETS occurs at site P, and also requires an SSU processome counterpart, namely the U3 snoRNP complex, that was shown to recognize a cluster of UUUUCG-rich motifs A 123 B, located just upstream of site P in several tested crucifer plants (in A. thaliana, however, there is a 1083-nucleotide insertion between A 123 B element and the P site) [192] (Fig. 2) .
The primary 5 0 -ETS cleavage in higher eukaryotes, at site P in plants and 01(A 0 ) in humans, is carried out by a yet-unknown enzyme, but requires also the activity of XRN exoribonucleases [30, 32] (Figs 1 and 2) . It was shown in plants that the exonucleolytic trimming of the 5 0 -ETS by AtXRN2/3 facilitates the P cleavage to occur [30] , but in humans the exact mechanism of XRN2 activity on pre-rRNA remains elusive [18] . It was proposed, however, that the 01(A 0 ) cleavage is facilitated by the remodelling of pre-rRNA by the DHX15 helicase, which is in turn stimulated by the NKRF factor that associates also with XRN2, and interactions between these three proteins are crucial for efficient assembly of human ribosomes, at least at the early stages, and particularly in response to stress-producing stimuli [253, 254] . Human XRN2 likely plays a more universal role as a quality controller and coordinator of the proper sequence of events during pre-rRNA processing [18] . It was assumed that 01(A 0 ) cleavage constitutes a quality control step in humans and it might also be the case for the P site in plants, particularly that in both cases the cleavages can be bypassed and subsequent endonucleolytic digestions can proceed independently from the processing at the P/01(A 0 ) site, allowing proper rRNA maturation to continue in the absence of this processing event [30] [31] [32] .
Further processing of 5 0 -ETS involves two consecutive endonucleolytic cleavages at sites A 0 /A0 and A 1 /1 (A1) in yeast and humans (Fig. 2) . Sites A 1 in yeast and 1(A1) in mammals correspond to the mature 5 0 -end of 18S rRNA (Figs 1 and 2 ). Interestingly it was suggested, based on in vitro experiments, that the cleavage at site 1(A1) in humans occurs several nucleotides upstream of the 5 0 -end of 18S rRNA and generates the 21S 0 intermediate that is subsequently digested by an unknown 5 0 -3 0 exoribonuclease to the mature 5 0 -end of 18S rRNA, yielding 21S pre-rRNA [321, 322] . However, later re-examination of the 5 0 -ends of 18S rRNA precursors by primer extension did not support the occurrence of this processing step [15, 323] .
The two cleavages at sites A 0 /A0 and A 1 /1(A1) occur almost simultaneously (Fig. 1) , and require the presence of SSU processome components and many small subunit RPs [27,35, [323] [324] [325] [326] [327] ]. An identity of endonuclease responsible for processing at site A 0 has not been established to date. It was initially suggested that the yeast SSU processome component, a PIN domain-containing protein Utp24, acts as a nuclease in processing of sites A 0 , A 1 and A 2 , but the catalytic activity of Utp24 was not crucial for A 0 cleavage to occur [13] . It remains to be tested whether human UTP24 paralogue -UTP23, which in humans may also have endoribonucleolytic activity (see PIN domain-containing proteins, part about Utp24 and Utp23) -is able to cleave rRNA precursors at site A0 in human cells (Figs 1 and 2) . Notably, mutation in the putative UTP23 active site leads to accumulation of 30S pre-rRNA, indicating that processing at site A0 is indeed impaired [187] , but whether it is a direct or indirect effect has to be investigated.
In turn, Utp24 proteins have been recently shown to be responsible for cleaving yeast and human prerRNA precursors at corresponding sites A 1 and 1(A1) respectively [15, 16] (Figs 1 and 2) . Interestingly, inactivation of the human UTP24 leads to an aberrant processing of two nucleotides downstream of the site 1 (A1) that results in the production of 5 0 -shortened 18S rRNAs pointing at the possible contribution of a yetunidentified nuclease to the processing of 5 0 -end of 18S rRNA [15] . In one study, the most obvious candidates for this activity, nuclear 5 0 -3 0 exoribonucleases XRN2, NOL12 and DXO1, were demonstrated not to be involved in this processing step [15] . Other authors stated, however, that in the cells lacking enzymatically active UTP24, XRN2 might digest the A0-1(A1) fragment of the 5 0 -extended 18S rRNA in the absence of cleavage at site 1(A1), but eventually gets stalled due to binding of a non-functional UTP24 to the 5 0 -ETS/ 18S boundary, resulting in the two-nucleotide shift of the 18S rRNA 5 0 -terminus [16] . Cleavage at site A0 in mammals generates a 43S pre-rRNA, that is hardly detectable under normal conditions, as cleavage at site 1(A1) occurs immediately afterwards, yielding a 41S species [323, 324, 326] (Fig. 2) . Uncoupling of the two cleavages, for example, by depletion of several RPs or the SSU processome component, RCL1, that delays the cleavage at site 1(A1), results in the accumulation of 43S and/or 26S intermediates (Fig. 2) , that become easily detectable under these conditions [32, 326, 327] . Some separation of A 0 and A 1 processing events is also possible in yeasts, but leads to the accumulation of aberrant prerRNA species 23S, 22S and 21S (Fig. 3) (Fig. 1 ). Processing at P 0 is probably also coupled with the maturation of 18S rRNA 5 0 -end, site D, after pre-18S export to the cytoplasm) lead to the formation of mature 18S 3 0 -end. In turn, cleavage at site A 3 leads to production of dead-end pre-18S species. In higher eukaryotes, both cleavage sites within ITS1 are utilized to obtain functional 18S precursors. Following cleavage at more distal site, A3 in plants and 2 in human cells, ITS1 can be removed by exoribonucleolytic digestion or endonucleolytic processing, at site E(2a) and A2 respectively. Eventually, similar to yeast, final maturation step occurs after export to the cytoplasm. similar to cleavages at analogous A 0 /A0 and A 1 /1(A1) sites in yeast and mammals, however not so tightly, since the P 0 -25S and P 0 -A3 precursors (Figs 1 and 2 ), resembling the 26S and 43S species observed in humans (Figs 1 and 2) , accumulate in mutants defective in exosome activity, but can also be detected in the wild-type plants [19] . In addition, the location of P 0 resembles the yeast A 0 processing site (Fig. 1) , which is also situated in a close proximity to the mature 5 0 -end of 18S, 90 nucleotides upstream of A 1 , whereas mammalian A0 cleavage is located at a distance of 2 kb from 18S rRNA 5 0 -terminus (Fig. 1 ), but is thought to be placed close to site 1(A1) in the 5 0 -ETS structure, as a stem of predicted large structural element is located between the two sites [332] . Interestingly, in plants there is also a strong secondary structure located immediately downstream of the P site and extending to the P1 position (+1424/1455) ( Fig. 1) , that was initially presumed an endonucleolytic cleavage site in the A. thaliana 5 0 -ETS segment [30, 192] . However, since P1-P 0 species have never been detected in wild-type or rRNA processing mutant plants, and a collection of 5 0 -ETS fragments with heterogeneous 3 0 -ends was observed in mutants related to the 3 0 -end processing, it is more likely that P1 results from the action of 3 0 -5 0 exonucleases, digesting the 5 0 -ETS fragments released from rRNA precursor by the endonucleolytic cleavage at site P 0 [19,62] [M. ZakrzewskaPlaczek, unpublished data]. Most probably, P1 was observed because of exoribonuclease stalling at the predicted hairpin that likely exists in A. thaliana. This is additionally supported by the accumulation of the P-P1 fragment in wild-type plants, suggesting that this fragment is not efficiently removed due to its strong secondary structure.
ITS1 removal and 18S rRNA 3
0 -end processing A key event in ribosome maturation is the separation of the 35S/47S primary precursor into rRNA components of the large and small ribosomal subunits, through cleavages in ITS1. In yeast, the proximal part of ITS1 is removed solely by the action of endoribonucleases (Figs 1 and 3 ). In contrast, recent studies revealed that this process in humans and plants is more complex. Unexpectedly, it appears that the maturation of 18S 3 0 -end in higher eukaryotes requires the combined action of both endo-and exoribonucleases (Figs 1 and 3) .
Irrespective of the studied eukaryote, two cleavage sites were mapped in the body of ITS1 segment: A 2 / A2 and A 3 /A3 in yeast and plants [30, 33, 34] , and E (2a) and 2 in human cells [35] (Figs 1 and 3 ). It seems that yeast A 2 and A 3 sites are equivalent to plant A2 and A3 sites as well as to human E(2a) and 2 sites (Figs 1 and 3) . Despite the presence of two cleavage sites in ITS1 in yeast, only the cut at the proximal one yields a functional product, which can undergo further processing steps. In turn, cleavage at A 3 leads to the production of aberrant pre-rRNAs, namely 23S, 22S and 21S [36] (Fig. 3) . Although the 23S species is detectable in wild-type yeast [216, 329, 333, 334] , it is normally targeted by the nucleolar surveillance machinery and is rapidly degraded by the exosome [36, 37] . The choice between cleavage at site A 2 or A 3 has been lately shown to play an important regulatory role in stress conditions, including limited availability of nutrients [11] . Ribosome production is then arrested, mainly due to the multifaceted activity of mTOR (TORC1) kinase [10, 335] . While it has been known for a long time that mTOR downregulates Pol I transcription, a recent report demonstrated that it also controls rRNA synthesis at the post-transcriptional level, by forcing a shift from a normal processing at site A 2 to an alternative pathway, including cleavage at site A 3 . This leads the generation of nonproductive 23S species, unable to undergo further maturation to 18S rRNA (Fig. 3) , which serves as an additional block of ribosome biogenesis [11] .
Under specific conditions, blocking of A 2 cleavage in the absence of UTP-A proteins, components of SSU processome, and simultaneous inactivation of the nucleolar surveillance machinery, could trigger further processing of 23S [37] . However, despite restoring 18S synthesis to near wild-type levels, growth of the yeast cells is impaired, suggesting that amounts of 18S are not sufficient to produce 40S ribosomal subunits. An alternative explanation of this phenomenon could be that ribosomes composed of rRNAs destined for degradation are not completely correctly assembled. In turn, cleavage at A 2 site yields 20S precursor which is further subjected to Nob1-mediated endonucleolytic digestion at site D, what leads to production of mature 18S 3 0 -end [12] . D-A 2 fragment, a by-product of Nob1 cleavage, accumulates upon depletion of cytoplasmic 5 0 -3 0 exoribonuclease Xrn1 [251], supporting the notion that final step of 18S maturation takes place in the cytoplasm and is carried out by an endoribouclease. Interestingly, up to 70% nascent pre-rRNA particles in yeast are cleaved cotranscriptionally at site A 2 [6] .
In contrast to yeast, both cleavage sites within ITS1 are utilized to obtain functional 18S precursors in higher eukaryotes (Figs 1 and 3) . Recent studies have shown that in both plants and humans, cleavage at a distal site (A3 in plants and 2 in human cells) occurs more frequently [17, 18, 30] (Figs 1 and 3) . In yeast/human cells, RMRP is responsible for cleavage at site A 3 /2 [34, 40] (Figs 1 and 3) . However, the role of this RNP complex in processing at A3 site in plants is disputable. RNA interference-mediated knockdown of POP1 and POP4, the key protein components of RMRP, did not result in a clear defect in ITS1 processing [39] . Processing at site A3 in A. thaliana yields P-A3, P 0 -A3 and 18S-A3 intermediates destined to pre-40S ribosome subunit, as well as the 27S-A3 precursor targeted to pre-60S, while cleavage at site 2 in humans produces 30S, 26S and 21S fragments giving rise to 18S and also 32S species -a precursor of 5.8S and 28S (Figs 1, 3 and 4) . The presence of different pre-18S forms in wild-type plants and human cells indicates that processing in ITS1 may well take place before or after the full removal of 5 0 -ETS, and also suggests that the formation of the mature 18S 5 0 -and 3 0 -ends is largely independent, what differentiates higher eukaryotes from yeast, where cleavage in ITS1 occurs only after complete removal of 5 0 -ETS (Figs 1 and 3 ). In turn, cleavages at A2 site in plant and E(2a) site in human pre-rRNAs represent minor pathways (Figs 1 and 3) , since abundance of the plant 27S-A2 and human 36S, the only precursors specific to these pathways in a respective organism, is relatively low [18, 19] .
In yeast, in contrast to A 3 cleavage, a factor responsible for cleavage at the proximal site is less certain. Independent groups reported two different components of the SSU processome, namely Rcl1 and Utp24 as endoribonucleases responsible for processing at the yeast A 2 site [13, 14] (Figs 1 and 3 ). For both of them, site-specific enzymatic activity on the pre-rRNA substrate encompassing this cleavage site was confirmed in vitro [14, 16] . Thus, the exact contribution of particular enzymes to this processing event is still under discussion [13, 14, 184, 188] . It can be envisioned, for instance, that since cleavage at site A 2 may occur either co-or post-transcriptionally, Rcl1 and Utp24 could differentially contribute to pre-rRNA processing in these two distinct pathways. In turn, processing at site E(2a) in human cells has been recently demonstrated to depend solely on the endoribonucleolytic activity of UTP24 protein [16] (Figs 1 and 3) . Despite the identification of two possible enzymes responsible for cleavage at A 2 /E(2a) site in yeast and humans, plant orthologues of these proteins have not been examined yet. Moreover, processing at site A2 in plants occurs after the formation of the mature 18S 5 0 -end, since P-A2 or P 0 -A2 fragments are hardly detectable in both wild-type and mutant plants [19, 31] . Similarly, removal of the 5 0 -ETS is a prerequisite for cleavage at site E(2a) in humans [17, 18] (Fig. 1) . These data imply that both plant A2 and human E(2a) sites are very similar to A 2 site in yeast, where cleavage occurs after the formation of the 18S 5 0 -end. Interestingly, depletion of XRN2 in human cells promotes processing through E(2a) site [18] , and similar effect, that is, accumulation of 27S-A2 fragment (equivalent of human 36S) was observed in A. thaliana xrn2 mutant, which was even more pronounced in plants with downregulated AtXRN2 and AtXRN3 [30] .
Generally, the series of events following cleavages at sites A3 in plants and 2 in human cells is quite analogous. ITS1 could be removed by both exoribonucleolytic digestion or cleaved endonucleolytically at site A2 and E(2a) in plants and humans respectively [17] [18] [19] 188] (Fig. 3) . In plants, ITS1 is trimmed by the exosome (Fig. 3) , since P-A3, P 0 -A3 and 18S-A3 species accumulated when the core exosome subunits were lacking. Unexpectedly, these effects were not observed in mutants of AtDIS3, the only known A. thaliana exosome-associated 3 0 -5 0 exonuclease [19, 214] . It is possible that one or both plant nuclear RRP6 homologues, AtRRP6L1 and AtRRP6L2, act redundantly with AtDIS3 in ITS1 digestion, however, neither single nor double mutants of AtRRP6 genes accumulate any of 3 0 -extended 18S precursors [19] . Similar to plants, exosome is responsible for tailoring of ITS1 after cleavage at site 2 in human cells, but on the contrary, human RRP6 was unambiguously identified as a major player in this process [17, 18] (Figs 1 and 3 ) Interestingly, elimination of ITS1 by the human exosome seems to be a two-step process, since 21S-C fragment, the 3 0 -end of which is located in a highly structured Cregion, conserved among vertebrates, accumulates in human cells depleted of RRP6 (Fig. 3) . The presence of C-region leads to a similar slowdown of processing of 36S, a 3 0 product of cleavage at site E(2a), which is most probably caused by the arrest of 5 0 -3 0 exoribonucleases, however, accumulation of this precursor is visible only upon knockdown of RPs or RBFs [17, 18] .
Further processing of pre-18S in higher eukaryotes apparently differs from the yeast model. Plant 18S-A2 and human 18S-E(2a) species can be cleaved endoribonucleolytically like in yeast, but they can also be trimmed by exonucleases [17] [18] [19] 29, 35, 336, 337] (Fig. 3) . Endonucleolytic formation of 18S 3 0 -end takes place in the cytoplasm and occurs at site 3/D in human/plant cells, fully resembling the ultimate stage of the yeast 18S 3 0 -end processing pathway [29, 35] (Figs 1 and 3) . Moreover, enzymes responsible for this cleavage in higher eukaryotes are most probably homologues of the yeast Nob1 [29, 35] . Interestingly, despite the presence of human and yeast 18S precursors in the cytoplasm, they are normally not incorporated into the polysome, and thus are not involved in translation [35, 338] . However, in yeast, under specific conditions (W255C point substitution in the L3 60S ribosomal protein), 20S becomes a component of translationally active ribosomes [339] . Moreover, it is known that cleavage at sites D/3 in yeast/ humans occurs after the formation of pre-40S particles, and -at least in the case of yeast -generation of the mature 18S 3 0 -end depends on the initiation of translation, which serves as a final checkpoint to ensure the integrity of a newly formed 40S ribosomal subunit [175, 340] . In this quality control mechanism, 80S-like ribosomal particles are formed in the course of a 'translation-like' cycle dependent on eIF5B initiation factor [340] . These translationally incompetent complexes, lacking both mRNA and initiator tRNA, are the actual sites of 20S processing in S. cerevisiae [340] .
In contrast to yeast, pre-18S rRNAs in plants and humans might be also subjected to exoribonuclease digestion [17] [18] [19] (Fig. 3) . In A. thaliana, 18S-A2 precursor is exclusively a substrate of AtRRP6L2 [19] (Fig. 3) . In turn, the identity of enzyme responsible for exoribonucleolytic trimming of human 18S-E(2a) fragment has been unknown [18], but two recent reports suggested that this process is controlled by PARN, and initiated already prior to nucleocytoplasmic export of 18S-E(2a) [336, 337] (Fig. 3) . Afterwards another, yet-to-be-identified, exoribonuclease continues 18S-E (2a) digestion in the cytoplasm (Fig. 3) . Possible involvement of PARN in pre-rRNA processing might be somewhat surprising, since this enzyme participates mainly in mRNA deadenylation (reviewed in [341] ), nevertheless some other PARN substrates have been already described [342] [343] [344] . The exact molecular function of coexistence of alternative 18S-E(2a) maturation pathways remains elusive. One possibility is that trimming of pre-18S molecules may facilitate endonucleolytic cleavage by Nob1 orthologues in A. thaliana and human cells. Alternatively, this mechanism could represent a NOB1-independent pathway of 18S 3 0 -end processing, although, considering the lethality of A. thaliana nob1, it is rather a minor event, insufficient for proper ribosome biosynthesis, at least in plants [29] .
On the other hand, it cannot be excluded that accumulation of 18S-A2 fragments in rrp6l2 mutants may also result from an inefficient removal of surplus or aberrant pre-18S upon AtRRP6L2 deficiency, in agreement with the possible role of the exosome and AtRRP6L2 in rRNA surveillance. Interestingly, plant 18S-A2 fragment is oligouridylated, like its human [18S-E(2a)] counterpart, however, the role of pre- (Figs 1 and 4) . Interestingly, cytoplasmic exonuclease Xrn1, which does not play a role in rRNA processing in wild-type yeast, is seemingly able to functionally replace Rat1, which is indicated by a strong accumulation of 5 0 -extended 5.8S in the strain depleted of both nucleases, not observed in either single mutant [250] . Similar to yeast, the downstream product of cleavage at site A3/2 is processed by a combined action of AtXRN2 and AtXRN3 in plants or XRN2 in human cells [17, 18, 30] (Figs 1 and 4) . However, it still has not been established how the two versions of 5.8S are generated in higher eukaryotes. It seems that human XRN2 may contribute to the maturation of 5.8S S , as its downregulation leads to slight changes in the ratio of shorter to longer form [18, 41] . Surprisingly, lack of AtXRN2 in A. thaliana does not affect the 5.8S S :5.8S L ratio, although this may be due to redundancy of AtXRN2 and AtXRN3 activities, since several pre-5.8S and 27SA/B species strongly accumulate in the xrn2 xrn3 double mutant in comparison to single mutants of these exoribonucleases [30] . Moreover, human and A. thaliana genomes encode a homologue of yeast Rrp17, named NOL12, however, the role of this protein in higher eukaryotes is not fully established [18, 47] . Although it is known that depletion of NOL12 in human cells strongly impairs ITS1 processing and production of mature rRNAs, its direct role in trimming 5 0 -ends of 5.8S has not been reported [18] . Furthermore, the production of 5.8S S in humans is supported by NOL9 5 0 polynucleotide kinase (see Las1), which provides pre-rRNAs with monophosphate at the 5 0 -end, to enable subsequent efficient processing by XRN2 [232] .
Importantly, processing of the downstream product of cleavage at site A 3 in yeast requires the presence of so-called 'A 3 cluster', composed of more than 10 RBFs (for more information see ref. [346] cleavage at E(2a) 
5.8S 3 0 -end processing
While the order of processing steps within 5 0 -ETS and ITS1 varies between various clades of eukaryotes or probably even between different tissues of the multicellular organisms, one commonality of the pre-rRNA processing pathways in yeast, plants and vertebrates is that the cleavage in ITS2 region, separating 5.8S and 25/28S rRNAs, always follows the separation of 18S and 5.8S-25/28S modules by cleavage in ITS1 (Fig. 1) . Furthermore, endonucleolytic processing within ITS2 is initiated only after the maturation of the 5.8S 5 0 -end and 28S 3 0 -end, the two processing events that are apparently coupled. This was demonstrated in yeast, but may be also true for higher eukaryotes [55, 350] . In turn, the cleavage in ITS2 precedes maturation of the 5.8S rRNA 3
0 -end and of the 25/28S rRNA 5 0 -end in all tested species (Figs 1, 5 and 6).
Cleavage within ITS2 -separation of 5.8S and 25S/28S modules
Numerous experimental data have led to the assumption that the cleavage in ITS2 depends on Las1 protein (Figs 1, 5 and 6 ). The first indication that Las1 may be involved in this processing step was derived from the studies in human cells, demonstrating that the knockdown of LAS1 gene results in the accumulation of 32S pre-rRNA with concomitant decrease in the levels of 12S precursor of 5.8S rRNA and inhibition of the mature 28S rRNA synthesis [224] . These data implicate that Las1 malfunction and improper ITS2 cleavage are detrimental to the maturation of both 60S subunit rRNAs. Indeed, subsequent studies clearly showed that the processing at both extremities of ITS2 in yeast and human cells is strictly dependent on the functional Las1 [41, 42] . First, S. cerevisiae LAS1 mutants accumulate 27S precursors, a fraction of processing intermediates not cleaved in ITS2, with different status of 5 0 -end maturation, including 27SA 2 , 27SA 3 , 27SB 1S and 27SB 1L . This is accompanied by the decreased level of 3 0 -extended 5.8S pre-rRNAs and the mature 25S rRNA [41, 42] . Since the yeast 27S is equivalent to the human 32S, this points at a strikingly conserved role of Las1 homologues in the endonucleolytic processing of ITS2 segment in eukaryotes.
The precise mechanism of ITS2 processing at site C 2 has been explained in details only recently, by the demonstration that Las1 functions in a complex with Grc3-Rat1-Rai1. This four-subunit assembly contains all enzymatic activities necessary to coordinate ITS2 removal and trimming of the extended 5 0 -end of 25S precursors, and Las1 acts as an endoribonuclease cleaving 27SB pre-rRNA at site C 2 [43, 226] (Figs 5  and 6 ). This cleavage generates a 7S precursor with a 2 0 ,3 0 -cyclic phosphate at the 3 0 -end, characteristic for products of the activity of metal-ion-independent endoribonucleases [43, 226, 303] (Fig. 5) . It was proposed that the 2 0 ,3 0 -cyclic phosphate group regulates the timing of ribosome assembly, by preventing the access of the exosome to the 3 0 -end of 7S, until the later stages of 60S subunit maturation, when the cyclic phosphodiester bond is broken by an as-yet-unidentified enzyme [43] . However, recent structural and biochemical data indicate that the cyclic phosphodiesterase activity may not be an absolute prerequisite for the exosome-mediated 7S trimming, which follows cleavage at site C 2 by Las1, since Dis3 exoribonuclease active site most likely has the ability to accommodate the RNA 3 0 -end equipped with a 2
The enzyme responsible for processing at site C2 in plants remains to be discovered, but this maturation step clearly involves an endonucleolytic cleavage, since A3-C2 fragments accumulate in xrn2 xrn3 mutant of A. thaliana 
Initial trimming steps in yeast -conversion of 7S to 6S
Maturation of the 5.8S 3 0 -terminus in yeast, following endonucleolytic cleavage at site C 2 , is a multistep process, dependent on sequential action of several nucleases (Fig. 5) . Why the processing of 5.8S 3 0 -end is so complex, rather than be performed by a single enzyme, is still a matter of debate. In a first step, 7S is trimmed to the 5.8S + 30-nucleotide intermediate by the exosome complex assisted by its cofactors, including Mtr4 helicase [36, [53] [54] [55] 197, 261] (Figs 1 and 5 ). It appears that a major player in this initial phase of 5.8S 3 0 -end maturation is Dis3, since either depletion of the core exosome components or catalytic mutations within Dis3 RNB domain result in a similar phenotype, that is, accumulation of several 3 0 -extended 5.8S rRNA precursors [168] [169] [170] 200, 258] (Fig. 5) . Catalytic mutations within Dis3 RNB and PIN domain result in the synergistic defect of 7S rRNA processing, indicating that the endonucleolytic activity of the PIN domain also plays some, albeit probably minor, role in the conversion of 7S to 5.8S + 30-nucleotide pre-rRNA [168, 170] . Interestingly, under certain conditions, unprocessed pre-5.8S rRNA, such as 7S or 5.8S + 30 nucleotides, might be exported to the cytoplasm and incorporated into functional ribosomes [56, 352] .
Upon generation of the 5.8S + 30-nucleotide precursor, Dis3 exonucleolytic activity is stalled due to the structural constraints, arising from the use of channel- exonucleases are engaged in the ultimate or initial phase of this process respectively. Subsequently, generated precursor is exported to the cytoplasm for final maturation step, performed by Ngl2 and ERI1 nucleases in yeast and human cells respectively.
dependent pathway for substrate delivery to the catalytic centre of the enzyme (see section Exosome). The central channel of the exosome ring is only able to accommodate single-stranded RNA molecules of certain length -around 30 nucleotides -which is in agreement with the length of the 3 0 -terminal extension in 5.8S + 30-nucleotide pre-rRNA [195] . Therefore, in a subsequent step, this intermediate is handed over to Rrp6, which removes further 22-25 nucleotides (Figs 1  and 5 ). It should be pointed out, however, that although RRP6 deletion leads to a significant accumulation of the 5.8S + 30-nucleotide precursor [56], the majority of 5.8S is still processed correctly, indicating that other enzymes might be involved in trimming to 6S. Similar to 7S trimming by Dis3, conversion of 5.8S + 30 nucleotides to 6S by Rrp6 is supported by the action of Mtr4 helicase [54] . Structural and functional studies led to the identification of an arch domain in Mtr4 as an element of particular importance for a proper 5.8S + 30-nucleotide processing [290] . It was proposed that this domain may redirect 5.8S + 30 nucleotides from the exosome channel to the Rrp6 active site [290] . In addition, the arch domain interacts with Nop53, an adapter protein recruiting Mtr4 and the exosome to 5.8S precursors within pre-60S particles [302, 353, 354] . On the other hand, recruitment of the Mtr4 to the exosome requires an interaction of Mtr4 with a heterodimer composed of Rrp6 and Rrp47 [273, 286, 287] . Recent structural data indicate that Rrp6-Rrp47 heterodimer forms a lid on top of the exosome central channel, which apparently changes conformation upon encountering bulky, double-stranded structure in the RNA substrate, such as 3 0 -extended 5.8S embedded into pre-60S particle [259] . This may facilitate the extrusion of the 3 0 -end terminus of 5.8S + 30-nucleotide precursor from the channel and its direct delivery to the catalytic centre of Rrp6. Mtr4-Rrp6 interaction is probably stabilized by Mpp6 protein, which also contributes to the efficient processing of 5.8S + 30 nucleotides, as this pre-rRNA is enriched in mpp6D strain [288, 355] . On the whole, a complex image of the initial steps of 5.8S 3 0 -end maturation emerges from available structural and functional data, in which an extensive network of interactions between exosome-associated nucleases and accessory proteins is indispensable to precisely control consecutive processing events.
Initial maturation step in vertebrate cells -conversion of 12S to 7S
The ITS2 segment in vertebrate pre-rRNA is considerably longer than in yeast or plant precursors, and includes some additional processing sites. The exact number of processing steps necessary to generate the mature 3 0 -end of 5.8S rRNA from 12S precursor in human cells has not been defined yet, however, several specific maturation events apparently occur. One of the 3 0 -5 0 exoribonucleases likely participating in the initial trimming of 12S precursor is ISG20L2 (Figs 1  and 5) , since any alterations of the levels of this enzyme in human cells specifically affect the level of 12S pre-rRNA: ISG20L2 overexpression results in the decrease of 12S, while ISG20L2 siRNA-mediated silencing leads to the accumulation of this pre-rRNA [51] . However, it is likely that ISG20L2 function is redundant with the action of other exoribonucleases, including the nuclear exosome with DIS3 and/or RRP6 [5,17], and it is also possible that several exonucleases, including ISG20L2, act sequentially during 12S processing. Furthermore, it cannot be excluded that conversion of 12S to 7S may occur, in parallel, through the endonucleolytic cleavage at an additional site within ITS2, coincident with the 3 0 -end of 7S, such as site 4a in mammalian cells [4, 49, 52, 253, 289] (Fig. 5) .
Intermediate maturation step in vertebrate cellsconversion of 7S to 6S
Similar to yeast, a subsequent processing of 7S to 6S in humans is most probably dependent on the action of the nuclear exosome (Fig. 5) The 5.8S + 40/50-nucleotide RNA species can be considered as an equivalent of the yeast 5.8S + 30-nucleotide precursor, since it was demonstrated to accumulate upon RRP6 knockdown [5, 41] , suggesting that the 5.8S 3 0 -end maturation mechanism based on the 'exonuclease handover', with the activity of exosome core preceding RRP6-mediated trimming, is evolutionary conserved from yeast to humans (Fig. 5) .
Initial maturation step in plants -conversion of 7S to 6S
The course of the initial steps of 5.8S 3 0 -end maturation in plants has been less precisely elucidated, nevertheless -similar to yeast and mammals -removal of the ITS2 remainder after cleavage at site C2 is generally based on the action of the exosome, associated exoribonucleases and accessory factors (Fig. 5) . There are at least three intermediate forms of 3 0 -extended pre-5.8S in A. thaliana: 5.8S + 120 nucleotides, 5.8S + 70 nucleotides and 5.8S + 10 nucleotides (Fig. 5) , which are readily detectable in plants deprived of exosome-related proteins [19, 62, 63] . Since the 3 0 -end of the 5.8S + 120-nucleotide species almost perfectly abuts the 5 0 -terminus of the complementary 25S precursor, arising after cleavage at site C2, as mapped by primer extension analysis [30] , it can be assumed that 5.8S + 120-nucleotide pre-rRNA is an equivalent to the yeast 7S precursor (Fig. 5) . In turn, 5.8S + 70 nucleotides and 5.8S + 10 nucleotides would correspond to the yeast 5.8S + 30 nucleotides and 6S species (Fig. 5) . Based on the available data, it is difficult to assess the involvement of a particular set of maturation factors in each phase of the progressive shortening of 120-nucleotide-long extension, since all precursors mentioned above accumulate upon depletion of AtDIS3, AtMTR4 and the exosome core subunits: AtRRP41, AtRRP4 and RRP46 [61] [62] [63] . Accordingly, these pre-rRNA processing defects were accompanied by similar developmental abnormalities in rrp41, mtr4 and dis3 mutant plants, characteristic of ribosomal biogenesis delay [62, 63, 270] . As in the case of other eukaryotes, AtMTR4 displays predominantly nucleolar localization and apparently cooperates with AtRRP6L2, localized in the same subcompartment, in the trimming of 3 0 -extended 5.8S precursor [62, 265] . Unlike in yeast, AtMTR4 is not essential for maturation of 5.8S rRNA 3 0 -end, however, the efficiency of this process is significantly lower in the absence of this factor. Moreover, simultaneous depletion of AtMTR4 and AtRRP6L2 exerts additive effect on the accumulation of 3 0 -extended pre-5.8S molecules and results in a slight decrease in the mature 5.8S levels, as compared to the individual downregulation of these proteins, indicating that both of them are involved in the same steps of 5.8S rRNA processing [62] . Currently, it appears that the RRP6-like protein in plants may be involved in the processing of more than one intermediate of 5.8S 3 0 -end maturation. Another A. thaliana 3 0 -5 0 exoribonuclease that can be potentially involved in the maturation of plant 5.8S 3 0 -end is AtRRP41, a component of the exosome ring, which, in contrast to the yeast and human counterparts, has apparently retained the phosphorolytic acitivity [264] . The expression of AtRRP41 in S. cerevisiae strain depleted of the endogenous Rrp41 restored proper processing of the 5.8S 3 0 -terminus, but taking into account the catalytic inertness of the yeast RNase PH ring this was due to the recreation of the appropriate exosome structure [264] . Since the functional studies on AtRRP41 were based only on T-DNA insertional mutants and RNAi, it has been impossible to differentiate whether the observed defects in RNA metabolism, including disturbances in 5.8S 3 0 -end maturation, are due to the decreased putative activity of AtRRP41 or impaired assembly of the exosome barrel-like structure [270] . It was demonstrated in yeast that the 6S precursor accumulates in the rex1D rex2D double mutant, but not in single-deletion strains, indicating that the putative 3 0 -5 0 exonucleolytic activities of Rex1 and Rex2 may redundantly participate in the trimming of this pre-rRNA to the mature 5.8S rRNA [25] . Accumulation of 6S was further exacerbated in the rex1D rex2D rex3D, suggesting that Rex3 also contributes to this process to some extent [25] . Interestingly, deletion of rex1 gene is synthetically lethal with rrp6D, pointing to the redundant function of these two DEDD superfamily members in the processing of some RNA species [25] . However, a subsequent study revealed that the activities of Rex1/2 are insufficient to generate the mature 3 0 -end of 5.8S rRNA, since they are not able to remove the last five nucleotides, leaving 5.8S + 5-nucleotide intermediate [57] (Fig. 5) . Removal of the remaining 3 0 -terminal extension is dependent on the putative nuclease activity of Ngl2 protein (Fig. 5) . The critical role of Ngl2 in the final maturation of 5.8S rRNA is reflected by the fact that no mature species is present in the ngl2D strain, contrary to rex1D rex2D double mutant, where the levels of mature 5.8S are almost indistinguishable from the wild-type control [25, 57, 58] .
Similar to the ultimate 18S 3 0 -end maturation event occurring within the 40S pre-ribosomes, the final step of 5.8S 3
0 -end processing was demonstrated to take place within pre-60S particles in the cytoplasmic compartment [58, 357] (Fig. 5) . Mutations of the factors ensuring efficient export of the preribosomal particles from the nucleus to the cytoplasm, such as Gsp1/Ran small GTPase or Crm1 exportin, led to the nucleoplasmic accumulation of the 3 0 -extended 5.8S rRNA species with a concomitant decrease of their levels in the cytoplasm, and rapid inhibition of the mature 5.8S synthesis [58, 358] . Consistently, such extended 5.8S rRNA molecules were coprecipitated by the cytoplasmic GTPase Lsg1, required for the dissociation of pre-60S export adapter Nmd3 [58, 359] . It was therefore proposed that the export of pre-60S particles, containing 5.8S rRNA with short extensions at the 3 0 -terminus is a prerequisite for the final maturation step, carried out by Ngl2. In agreement, 5.8S precursors containing several extra nucleotides at the 3 0 -termini accumulated in the cytoplasm of ngl2D strain [58] . The nucleolytic activity of Ngl2 was not characterized biochemically, therefore it remains to be examined whether it performs endonucleolytic cleavage at site E or exonucleolytically trims the 3 0 -end (Fig. 5) . As already mentioned, Ngl2 proteins are absent from eukaryotic species outside Saccharomycetae. Research in S. pombe, C. elegans and mice clearly demonstrated that Ngl2 function in the final trimming of 5.8S pre-rRNA 3 0 -end in higher eukaryotes was replaced by the action of ERI1 3 0 -5 0 exoribonuclease (Fig. 5) . The first indication that ERI1 is involved in 5.8S rRNA maturation came with the observation that 5.8S molecules extended at the 3 0 -end by one to five or two to eight nucleotides were present in the loss-offunction mutants of C. elegans and fission yeast [60] . Similarly, 3
0 -extended 5.8S rRNAs were incorporated into the ribosomes of ERI1-deficient mice [59] . Experiments in mice revealed that ERI1 is associated with ribosomal subunits, monosomes, as well as polysomes, albeit only to a lesser extent. Moreover, physical interaction between mouse ERI1 and 5.8S rRNA was demonstrated by RNA immunoprecipitation analysis [59] . Subsequent in vitro experiments directly demonstrated that both the wild-type nematode ERI1a and mouse ERI1, but not their variants with mutations in DEDD domain, efficiently trimmed extended 5.8S rRNAs present in the purified ribosomes from ERI1-deficient cells [59, 60] . Similar results were obtained for recombinant proteins from both species, utilizing partially double-stranded substrates mimicking paired 3 0 -end of 5.8S and 5 0 -end of 26S (an equivalent of the yeast 25S in C. elegans)/28S, forming naturally in the mature ribosomes [41, 59, 60] . This duplex structure is believed to protect the mature 3 0 -end of 5.8S from overprocessing by ERI1 following removal of unpaired extensions. A strict dependence of the proper 5.8S rRNA maturation on the intact nuclease domain of ERI1 was confirmed in vivo through rescue experiments with vectors producing either wild-type proteins or variants with catalytic mutations [59, 60] . However, while the C. elegans strain lacking functional ERI1 was viable, conditional knockout of ERI1 in mouse led to abnormal growth and increased perinatal lethality of homozygotes [59] . This may indicate that the spectra of ERI1 substrates may differ between these species.
25S/28S rRNA 5
0 -end processing A prerequisite of proper maturation of 25S/28S rRNA 5 0 -terminus is the endonucleolytic processing at site C 2 /C2 (Fig. 6) . It was shown that Las1 dysfunction in yeast results in the accumulation of both 26S prerRNA and 25S rRNA extended by seven or eight nucleotides at the 5 0 -end (so-called 25S 0 pre-rRNA), meaning that Las1 controls both the penultimate and ultimate processing steps, in which 26S is first trimmed to 25S
0 from site C 2 to site C 1 0 and afterwards to site C 1 that eventually defines the mature 5 0 -end of 25S/ 28S rRNA [41, 42] (Fig. 6) . Notably, both the 6S precursor of 5.8S rRNA and the 25S 0 precursor of 25S are extended by seven or eight nucleotides (Fig. 1) , and their 3 0 -and 5 0 -ends, respectively, are located in close proximity to each other in the ribosome structure, forming a conserved stem. Currently, it is considered that Las1 is responsible for spatial and temporal coordination of processing events at both ends of ITS2, probably as a subunit of the Las1-Grc3-Rat1-Rai1 processing complex, which may also ensure the correctness of the final pre-60S maturation stages [41, 43] . Following cleavage at C 2 , Grc3 phosphorylates 26S precursor containing a free 5 0 -hydroxyl group, generated by Las1 (Fig. 6) . This reaction requires an intact active site of Grc3 and the presence of ATP [43] . Grc3-Las1 subcomplex is then believed to recruit Rat1-Rai1 heterodimer, which progressively trims 26S species to 25S 0 pre-rRNA [43] (Fig. 6) . A collection of 25S precursors extended at the 5 0 -end to a different extent, up to the site C 2 , accumulate in rat1 xrn1 and rai1 mutants, which indicates that both Xrn1 and Rat1 5 0 -3 0 exoribonucleases are redundantly involved in the processing of 25S 5 0 -terminus in yeast [41, 64] (Figs 1 and 6 ). Rat1 seems to play a major role in this process, however, Xrn1 is able to partially fulfil this function in its absence [64] . The third 5 0 -3 0 exoribonuclease participating in 25S rRNA 5 0 -end maturation is Rrp17 (Figs 1 and 6) , depletion of which results in the increased levels of 26S prerRNA [47] . Upon simultaneous Rat1 depletion and XRN1 gene deletion, Rrp17 has the ability to take over their function in 26S trimming, thereby securing proper synthesis of mature 25S rRNA. Biochemical assays performed using recombinant Rrp17 disclosed that although the protein activity is sensitive to the 5 0 phosphorylation status of RNA substrate, the hydroxyl group present at the 5 0 -end does not significantly inhibit RNA decay when compared to 5 0 -monophosphorylated molecules, contrary to the requirements exhibited by Rat1/Xrn1 in this aspect [47, 233] . Therefore, it could be envisioned that Rrp17 may be less strictly dependent on the kinase activity of Grc3 protein after cleavage at C 2 . Also, Rai1 does not seem to be the Rrp17 cofactor. It was suggested that Rrp17 and Rat1 may be responsible for removal of different fragments of ITS2 upstream the mature 5 0 -terminus of 25S rRNA, due to a variable preference towards particular regions of the spacer [47]. Thus, it is possible that there are multiple switches between Rat1 and Rrp17 during trimming of 26S precursor to 25S rRNA in yeast.
The conversion of 25S 0 to the mature 25 (trimming from site C 1 0 to C 1 ) is most likely also controlled by Rat1/Xrn1 [41] (Fig. 6) , while the involvement of Rrp17 into this particular processing step has not been directly demonstrated. The C 1 0 processing site may represent a region, in which the activity of 5 0 -3 0 exoribonucleases is temporarily stalled, for example, due to the presence of secondary structure. It was also proposed that an additional, unidentified enzymatic activity is needed for the ultimate phase of 25S 5 0 -end maturation in the nucleoplasm, right prior to the export of pre-60S particles to the cytoplasm [58] .
The 25S rRNA 5 0 -end maturation scheme described for S. cerevisiae is likely conserved, however, to a variable extent (Fig. 6 ). In the case of mouse cells, northern-blot analyses revealed that the siRNAmediated depletion of XRN2 results in the accumulation of 5 0 -extended precursors of the mature 28S rRNA, 28.5S/28S 0 species, arising after cleavage at site 4b, which was mapped by primer extension to be localized 281 nucleotides upstream of the mature 28S 5 0 -end [65] . In turn, the potential role of human and plant Rrp17 homologue, NOL12, in the maturation of 5 0 -ends of 28S/25S precursors has not been demonstrated. In plants, however, although primer extension analysis performed for A. thaliana xrn2 xrn3 mutant revealed the accumulation of the pre-rRNA species extending up to the processing site C2 in ITS2, no increase in the levels of 5 0 -extended 25S rRNA or decrease in the abundance of the mature 25S was concomitantly observed [30] . This indicates that some other 5 0 -3 0 exoribonuclease (e.g. AtNOL12) plays more prominent role in the maturation of 25S 5 0 -terminus in A. thaliana, at least in the Col-0 (Columbia ecotype) background.
One of the first events during yeast pre-rRNA processing is the cleavage of the nascent Pol I transcript within 3 0 -ETS, that generates the 3 0 -end of the primary precursor and probably initiates transcription termination (Fig. 1) . It was shown that 3 0 -ETS cleavage in S. cerevisiae occurs cotranscriptionally at site B 0 , 14 nucleotides downstream of the mature 3 0 -end of 25S rRNA and is performed by RNase III-type endonuclease Rnt1, that cleaves pre-rRNA at two processing sites lying at opposite sides of a hairpin structure within the 3 0 -ETS, at positions +14 and +49 relative to the 3 0 -end of 25S rRNA [23] (Figs 1 and 7) . Then, the mature 25S 3 0 -end is presumably generated in two exonucleolytic trimming steps, the first of which is performed by the 3 0 -5 0 exonuclease Rex1 after separation of ribosomal subunits [24, 57] (Figs 1 and 7) . Interestingly, the S. pombe homologue of Rnt1, Pac1 endonuclease, is not only able to cleave the 3 0 -ETS at the two sides of a hairpin [360,361] but also to completely remove the 3 0 -ETS sequence by cleaving the helical structure placed at the mature 3 0 -terminus of 25S rRNA, at least in vitro, in the presence of the RAC (ribosome assembly chaperone) pre-rRNA-binding complex [362] .
Contrary to yeast, it has not been fully determined whether processing of 3 0 -ETS in plants and humans occurs co-or post-transcriptionally. In plants, the exact cleavage site in the 3 0 -ETS has not been even mapped, however, it was proposed that the 3 0 -end of the nascent transcript is most likely cleaved by an RNase III-like endonuclease AtRTL2 (Figs 1 and 7 
Quality control of precursors and degradation of excised fragments
In addition to functional precursors, pre-rRNA processing generates multiple by-products, including excised ETS and ITS fragments, as well as aberrant or superfluous transcripts, the presence of which may disrupt cellular homeostasis. Thus, to ensure high fidelity and efficiency of ribosome biogenesis, these RNA species have to be eliminated. The nucleolar RNA surveillance machinery is best characterized in yeast, where the exosome, with related proteins and cofactors, is implicated in the removal of unwanted rRNAs [294, 295, 364] . Yeast mutant strains devoid of the core exosome proteins or Rrp6 accumulate aberrant, truncated 23S* (extending between transcription start site and cleavage site A 3 ) and 21S* (A 1 -A 3 ) species, as well as an excised fragment of 5 0 -ETS ranging from transcription start site to the A 0 cleavage site (+1-A 0 ), and mutants of the TRAMP components (air1, air2, trf4, trf5, mtr4) are enriched in 23S and +1-A 0 [36, 38, 54, 294] . Also, 5 0 -truncated, polyadenylated 27S precursors were detected in rrp6D strain, suggesting concerted action of 3 0 -5 0 and 5 0 -3 0 exoribonucleases in the removal of useless rRNAs [46] . Analogously, the human RRP6 protein was shown to coprecipitate with AIR1/ZCCHC7 and PAPD5/ TRF4-2, and the putative PAPD5-AIR1 dimer was found to polyadenylate abortive Pol I transcripts and rRNA degradation products, acting analogously to the yeast homologue [276] . RNAi depletion of either RRP6, MTR4 or MPP6 causes accumulation of an excised 5 0 -ETS fragment, namely 01(A 0 )-A0 (Fig. 8) , and atypical 37S* species extending from 01(A 0 ) site to 1302-1727 nucleotides downstream of the 5 0 end of the 28S rRNA, which might be a partially degraded aberrant transcript [32] . An interaction between PAPD5 and ZCCHC7 has been recently confirmed in another study based on coimmunoprecipitation from human cells depleted of RRP6 or the TRAMP-like complex constituents [299] . siRNA-mediated silencing of PAPD5 or ZCCHC7 also led to the increased levels of 01(A 0 )-A0 5 0 -ETS processing by-product, which collectively suggests that the TRAMP-like complex activity may stimulate degradation of this species by RRP6 (Fig. 8) .
As in the case of human cells -and in contrast to the well-described yeast rRNA quality control -many aspects of the plant rRNA surveillance mechanisms remain elusive. Latest research in A. thaliana identified TRL (Trf4/5-Like) protein as the main noncanonical poly(A) polymerase responsible for addition of short oligo(A) tracks to aberrant pre-rRNAs [19] . It is unclear, however, whether TRL functions in the context of the TRAMP-like complex, like yeast Trf4 or human PAPD5/TRF4-2, or acts independently, as its mouse counterpart, PAPD5 [276, 365] . Contrary to yeast Trf4 and Trf5, which are required for efficient elimination of rRNA precursors, lack of TRL in A. thaliana only leads to a mild accumulation of pre-18S still containing 5 0 -ETS fragments, and the P-P 0 byproduct of 5 0 -ETS removal [19, 38] . As expected, elimination of adenylated pre-rRNAs in plants also depends on the activity of the exosome core, AtDIS3 and AtRRP6L2 exonucleases and AtMTR4 RNA helicase (Fig. 8) (Fig. 8) . Xrn1 also contributes to the degradation of excised spacers in the cytoplasm, as the D-A 2 fragment (Fig. 8) can be easily detected upon Xrn1 inactivation [251, 252] . In turn, mouse XRN2 was shown to degrade truncated Pol I transcripts in cooperation with TRAMP complex and to remove 5 0 -ETS fragments 5 0 -01(A 0 ) and A0-1(A1) (Fig. 8) [65]. Analogous 5 0 -ETS fragments were observed upon downregulation of XRN2 in humans [32] . Also, vertebrate XRN2 was shown to remove excised fragment of ITS1, namely E(2a)-2, and plant equivalent, A2-A3, is removed by XRN proteins in A. thaliana (Fig. 8) [18,30] . Moreover, human XRN2, assisted by the NKRF protein, degrades 4a-4 species, removed from ITS2 (Fig. 8) [253] .
On the other hand, investigation of XRN2 contribution to pre-rRNA processing in higher eukaryotes led to the assumption that the role of 5 0 -3 0 exonucleolytic activity of XRN2 consists in more than just processing of 5 0 -ends or removal of aberrant pre-rRNAs and excised spacers. Results obtained from studies on mammalian cells suggested that proofreading of 5 0 -ends by XRN2 acts as a quality control step for evaluation whether particular pre-rRNAs are to be processed or degraded, and XRN2 controls the balance between alternative pathways and order of cleavages during rRNA maturation [18, 32, 65] . Analogously, the observed trimming of 5 0 -ETS by AtXRN2/3 in A. thaliana might also be a part of a quality control
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Fig. 8. Degradation of excised spacer fragments. The processing of pre-rRNA produces several useless fragments that have to be removed. Most of the excised spacer fragments are removed by the 5 0 -3 0 exoribonucleases XRN, but a piece of 5 0 -ETS, namely the 01(A 0 )-A0 fragment in human and the corresponding P-P 0 in plants, is removed by the exosome. However, the plant P-P 0 is not removed efficiently and completely, since the P-P1 fragment is still observed in wild-type Arabidopsis thaliana.
mechanism allowing for selection of primary transcripts destined for further processing in plants.
Conclusions and future prospects
Based on the information presented in this review, it is evident that endo-and exoribonucleases play critical roles in the control of eukaryotic pre-rRNA processing. For several processing events, the function of homologous enzymes has been conserved from yeast to humans, as exemplified by equivalence of sites cleaved by Nob1, Las1 and RMRP endonucleases, or the roles of XRN enzymes and exosome complex in the trimming of 5 0 and 3 0 5.8S rRNA termini respectively. Nevertheless, an increase in the length and complexity within spacer sequences, separating and flanking precursor segments corresponding to mature rRNA molecules, that occurred in evolution, resulted in a higher diversity of rRNA maturation pathways in plant and human cells, in comparison to the best studied yeast model. Most striking differences concern the 5 0 -ETS and ITS1 segments. First, an additional processing site is present in the 5 0 -ETS in both A. thaliana and human primary Pol I transcripts. Although not absolutely essential for rRNA biogenesis, cleavage at this site [P/01(A 0 )] likely increases the efficiency of subsequent maturation steps. The endonuclease responsible for this step remains to be identified. The second significant difference is utilization of two processing pathways in humans and plants, resulting from alternative temporal order of 5 0 -ETS removal and ITS1 cleavage. Third, the latter event can be initiated at either of the two cleavage sites, E(2a)/A2 and 2/A3 in human/plant cells. In turn, correct pre-rRNA processing in S. cerevisiae requires that elimination of 5 0 -ETS precedes ITS1 cleavage; moreover only processing at ITS1 proximal site A 2 produces functional precursors. Explanation for these discrepancies is lacking. Future research should answer the question whether particular processing pathways in multicellular eukaryotes are used preferentially at specific stages of development, in given cell types or organs, or under specific growth conditions. Finally, 18S rRNA mature 3 0 -end in yeast is generated exclusively by Nob1-mediated endoribonucleolytic cleavage in the cytoplasm, whereas in human and plant cells the precursors arising after cleavage at distal site 2/A3 within ITS1 can also undergo exoribonucleolytic maturation, which begins already in the nucleus. Whether exo-and endonucleolytic 18S rRNA 3 0 -end processing pathways in higher eukaryotes are entirely parallel or different nucleases may act sequentially, that is, exonucleolytic trimming may facilitate subsequent endocleavage, remains to be experimentally verified. There are even some variations between yeast and human/plant pre-rRNA processing in the ITS2 segment, otherwise one of the best conserved phases of the overall process. First, specific exonuclease ISG20L2 participates in human ITS2 processing in humans, which, as compared to yeast and plants, involves an extra step of trimming a unique 12S precursor to 7S species. Second, the final stage of 5.8S rRNA 3 0 -end maturation in higher eukaryotes involves ERI1, a multifunctional exonuclease participating also in the 3 0 processing of histone mRNAs and small RNA biogenesis pathways. In the case of budding yeast, its function was substituted with the action of an unrelated enzyme, Ngl2, most probably due to the loss of Eri1 together with other components of the RNA interference pathway.
Currently, we know the identity of the majority of endoribonucleases cleaving pre-rRNA precursors in eukaryotes, however, particularly in the case of plants, several nucleases of this kind remain to be identified. Even in yeast, we still do not know which enzyme is responsible for processing at site A 0 . Furthermore, endonucleolytic activity involved in the minor pathway of 5.8S rRNA 5 0 -end maturation has still to be characterized, both in yeast and in multicellular organisms. Some human and plant enzymes might have escaped detection due to inefficient reverse genetics strategies utilized for investigation of genes' functions. However, with the advent of CRISPR-Cas9 gene targeting, new possibilities have opened to tackle such problems, as illustrated by a recent report that provided solid evidence for previously questioned role of RMRP in ITS1 processing in human cells. In addition, bioinformatics approaches focused on the discovery of new representatives of known, or identification of entirely novel, nuclease families, may help to propose candidate genes worth further studies in the context of missing factors involved in endonucleolytic pre-rRNA processing. Such investigations would also greatly benefit from intensively developing high-throughput methods for analysis of protein-RNA interactions based on in vivo cross-linking and global sequencing, which allow to demonstrate location of RBFs on rRNA precursors.
In the case of exonucleases, which have broader spectrum of substrates, the in vivo molecular phenotypes reflecting aberrant pre-rRNA processing, resulting from dysfunction of enzymatic activity, can be relatively easily recapitulated in the in vitro assays, comparing activities of wild-type enzymes and catalytically inactive variants. On the contrary, direct demonstration of the cleavage activity for endoribonucleases, which must recognize very specific sites within precursor molecules is not so straightforward, and in fact was successful only in a limited number of cases, including, for example, Nob1, Utp24 (cleavage at site A 2 ), Las1 from S. cerevisiae, as well as yeast and human RMRP. This is mainly because of the highly ordered structure of pre-rRNA in preribosomal particles and the fact that endonucleases do not act alone, but rather in concert with other RBFs, which may significantly influence their activity in vivo. Therefore, some endonucleolytic processing events, such as cleavage at site A 1 /1(A1) by UTP24 enzymes, being parts of SSU processome, and dependent on extensive base pairing interactions between U3 snoRNA and different pre-rRNA segments, may be particularly difficult to be reconstituted in vitro.
Since ribosome biogenesis is a process of crucial importance to many aspects of the cell physiology, it must be carefully controlled at all individual stages. Any inaccuracies in rRNA maturation may potentially lead to synthesis of faulty ribosomes, which would have detrimental, global consequences. One mechanism that prevents such a hazardous situation is the nuclear surveillance machinery, which eliminates processing by-products and aberrant precursors. Moreover, nucleolytic activites are precisely regulated, both in terms of specificity and timing of action. As described herein, there are multiple levels of such control. First, the enzymes involved in pre-rRNA processing represent many distinct families, with various substrate requirements. This, in combination with the complex structure of rRNA precursors, ensures that they are targeted to defined processing sites -for instance, Rnt1 recognizes a very specific tetraloop in a hairpin element. Moreover, nucleases are recruited to appropriate sites by accessory factors, such as, for example, Dim2/Pno1, Grc3-Las1 heterodimer and NKRF, assisting Nob1, Rat1-Rai1 and XRN2, respectively, in this manner. If not involved in recruitment, other RBFs may help to coordinate processing events controlled by distinct enzymes, like in the case of cleavages at U3 snoRNA-and RMRP-dependent sites in yeast, jointly controlled by Rrp5 protein. Furthermore, incorporation of nucleolytic enzymes into larger assemblies, such as SSU processome, exosome or Las1-Grc3-Rat1-Rai1 tetramer, also contributes to the regulation of processing specificity. In addition, appropriate remodelling of the pre-rRNA substrate structure may be a prerequisite for subsequent efficient endonucleolytic cleavage, as demonstrated for site D in yeast and proposed for site 01(A 0 ) in human cells. Besides, structural rearrangements within multiprotein complexes involved in pre-rRNA processing, ensure that individual nucleases act in a correct order, for example, Dis3 and Rrp6 catalytic subunits of the nuclear exosome during 5.8S rRNA 3 0 -end processing. Finally, specific modifications of substrates' termini, such as the presence of 2 0 ,3 0 -cyclic phosphate at the 3 0 -end or 5 0 -monophosphate at the 5 0 -end define which exonuclease is able to trim them. Undoubtedly, further research should reveal additional components and mechanisms of this complex regulatory network, which enables coordination of endo-and exoribonucleolytic activities during eukaryotic pre-rRNA processing, and how its disturbance affects cell homeostasis, which may lead to developmental abnormalities and disorders. 
